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The Blo-Englneerlag Aspects of Agricultural Drainage
reports describe the results of a unique interagency study
of the occurrence of nitrogen and nitrogen removal treat-
ment of subsurface agricultural wastewaters of the San
Joaquin Valley, California.

The three principal agencies involved in the study are
the Environmental Protection Agency, the United States

Bureau of Reclamation, and the California Department of
Water Resources.

Inquiries pertaining to the Bio-Engineering Aspects of
Agricultural Drainage reports should be directed to the

author agency, but may be directed to any one of the three
principal agencies.

THE REPORTS

The first, three-year phase of the interagency study is

to be reported upon in a series of twelve reports.

The second, one-year phase of the interagency study was

limited to continued work on the two principal treatment

methods. The second phase work develops design criteria

and operational parameters for full-scale treatment
facilities.

This report, "REMOVAL OF NITRATE BY AN ALGIAL SYSTEM —
PHASE II", and the companion report, "DENITRIFICATION BY

ANAEROBIC FILTERS AND PONDS -- PHASE II", contain the

results of the second phase of the interagency study.

These two reports are numbered sequentially, after the

first twelve, in the series entitled "KLo- Engineering
Aspects of Agricultural Drainage, San Joaquin Valley,

California".
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ABSTRACT

Major findings are presented from a one-year operational
Investigation conducted at the Interagency Agricultural
V/astewater Treatment Center (lAWTC) on the use of algae to
remove nitrogen from subsurface agricultural tile drainage
in the San Joaquin Valley of California. The objectives of
the study vgere to: (l) refine the design criteria, deter-
mined in a preliminary investigation, (2) develop operational
procedures, and (3) recommend a design for a prototype algal
nitrogen removal process

.

The investigation demonstrated that the governing factors
affecting the algal nitrogen removal process are the total
amount of light available to the actively photosyntheslzing
algae and the influent nitrogen loading. Accordingly, if
these two factors are known, the area required for maximum
nitrogen removal can be approximated.

Turbid conditions, resulting from the suspension of non-
photosynthesizing material during continuous or intermittent
mixing, were found to be detrimental to the prolonged opera-
tion of the system. Maximal nitrogen assimilation also
depended upon providing a completely balanced nutrient system,
and varying amounts of supplemental carbon, phosphorus, and
iron were required throughout the year.

Algal harvesting studies indicated that 90 percent or more
of the algae could be removed throughout the year, under con-
tinuous operation, using a chemical -flocculent -sedimentation
process but that the chemical additions required were
dependent upon a number of algal growth factors

.

Continuous operation of algal test units during 1970 showed
the algal nitrogen removal process was capable of effectively
reducing the influent nitrate-nitrogen concentration and
other nutrients. The process reduced a varving influent
nitrogen concentration of from 15 to 30 mgA NO3-N to
1 to 5 rag/l soluble effluent nitrogen throughout the year
using varying operating paj?ameters.

Recommendations are also given for the design and testing of
"prototype" algal nitrogen removal plants using a modifica-
tion of the stirred reactor design, and a proposed "slug-
flow" algal nitrogen removal system designed to correct
many of the inadequacies inherent in the first system.

Ill





BACKGROUND

This report is one of a series which presents the findings of
intensive interagency investigations of practical means to
control the nitrate concentration in subsurface agricultural
wastewater prior to its discharge into other water. The pri-
mary participants in the program are the Water Quality Office
of the Environmental Protection Agency, the United States
Bureau of Reclamation, and the California Department of Water
Resources, but several other agencies also are cooperating in
the program. These three agencies initiated the program
because they are responsible for providing a system for dis-
posing of subsurface agricultural wastewater from the San
Joaquin Valley of California and protecting water quality in
California's water bodies. Other agencies cooperated in the
program by providing particular knowledge pertaining to
specific parts of the overall task.

The need to ultimately provide subsurface drainage for large
areas of agricultural land in the western and southern San
Joaquin Valley has been recognized for some time. In 195^*
the Bureau of Reclamation included a drain in its feasibility
report of the San Luis Unit. In 1957, the California
Department of Water Resources initiated an investigation to
assess the extent of salinity and high ground water problems
and to develop plans for drainage and export facilities. The
Burns-Porter Act, in I96O, authorized San Joaquin Valley
drainage facilities as part of the State Water Facilities.

The authorizing legislation for the San Luis Unit of the
Bureau of Reclamation's Central Valley Project, Public Law
86-488, passed in June I96O, included drainage facilities to
serve project lands. This Act required that the Secretary of
Interior either provide for constructing the San Luis Drain
to the Delta or receive satisfactory assurance that the State
of California would provide a master drain for the San Joaquin
Valley that would adequately serve the San Luis Unit.

Investigations by the Bureau of Reclamation and the Department
of Water Resources revealed that serious drainage problems
already exist and that areas requiring subsurface drainage
would probably exceed 1,000,000 acres by the year 2020. Dis-
posal of the drainage into the Sacramento-San Joaquin Delta
near Antioch, California, was found to be the least costly
alternative plan.

Preliminary data indicated the drainage water would be rela-
tively high in nitrogen. The then Federal Water Quality
Administration conducted a study to determine the effect of
discharging such drainage water on the quality of water in the
San Francisco Bay and Delta. Upon completion of this study in

1967, the Administration's report concluded that the nitrogen



content of untreated drainage waters could have significant
adverse effects upon the fish and recreation values of the
receiving waters. The report recommended a three-year
research program to establish the economic feasibility of
nitrate-nitrogen removal.

As a consequence, the three agencies formed the Interagency
Agricultural Wastewater Study Group and developed a three-year
cooperative research program which assigned specific areas of
responsibility to each of the agencies. The scope of the
Investigation Included an Inventory of nitrogen conditions In
the potential drainage areas, possible control of nitrates at
the source, prediction of drainage quality, changes in nitrogen
in transit, and methods of nitrogen removal from drain waters
including biological-chemical processes and desalination.

vl
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CONCLUSIONS

Based on the results of this investigation, the following
may be concluded:

1. Removal of nitrogen from agricultural tile drainage
using the algal nitrogen removal process is a technically
feasible process on a year-round basis.

2

.

The total amount of soluble nitrogen in the plant
effluent will probably vary between 2 and 4 mg/1, depending
on the influent nitrogen loading and environmental
conditions. In addition, from 1 to 2 mg/1 algal cellular
nitrogen can be expected in the plant effluent, depending
upon the degree of removal of suspended solids in the
separation process.

3. The principal factors affecting maximum algal nitrogen
assimilation are the total amount of light available to
the actively photosynthesizing algae and the influent
nitrogen loading.

4. Depending upon the total available light and nitrogen
loading, detention times required for maximum nitrogen
removal during 1970 varied between 5 and 16 days, and
operating depths varied between 8 and 12 inches.

5. Turbid conditions resulting from the suspension of
nonphotosynthesizing material during continuous or
intermittent mixing of an algal reactor are detrimental to
the prolonged operation of the system.

6. The optimal carbon-to-nitrogen nutrient ratio in the
system is approximately 5 to 1. If the carbon demand
exceeds the carbon available in the growth medium,
supplemental carbon can be added to the system as carbon
dioxide, or possibly as bicarbonate. In applying supple-
mental carbon, carbon dioxide should be added to the system
only during the two- or three-hour period of peak photo-
synthesis. Possibly bicarbonate may be effectively applied
by adding it continuously to the influent.

7. It appears from the data that a carbon deficiency in
the algal system partially blocks the cellular reduction
of nitrate to ammonia resulting in the excretion of nitrite
into the growth medium.

8. Phosphate is almost completely removed from the system
by algal phosphate assimilation and/or chemical precipita-
tion resulting from photosynthetlcally induced increases
in pH.



9. Iron is required in the algal system and affects both
nitrogen uptake and algal suspension.

10. More than 90 percent of the algae can be separated on
a year-round basis by the chemical-flocculation-sedimentation
process.

11. Algae can be differentially separated to provide a
product of variable inorganic and organic composition.



RECOMMENDATIONS

1. At least two one-half to one million gallon per day
parallel "prototype" algal nitrogen removal plants should
be constructed and operated to permit investigation of
"plug flow" versus completely mixed systems; lined versus
unlined systems; and systems with biomass control versus no
biomass control. Such systems would be provided with
equipment for carbon, iron and phosphate addition in line
as needed, and for pH control to facilitate the avail-
ability of iron and phosphorus to the algae.

The prototype facility should be equipped for algal
harvesting so that the integration of growth and harvesting
may be further investigated by the promising harvesting
methods found in the recent investigation.

Operation of the prototype plants should be conducted for
at least two years to determine variations in climatic
conditions and waste compositions that may normally occur.

If possible, the prototype plants should be located so that
they could be used either for extended pilot investigations
to continuously update the technology of nutrient removal
or as integral parts of the algal nitrogen removal system.

2. Because even small ch£inges in permissible nitrogen
discharge levels may profoundly affect process costs,
nitrogen discharge requirements in the western Delta-
Suisun Bay area should be studied further to determine
if seasonal or other changes in discharge requirements
could be made.





CHAPTER I

THEORY AND RATIONALE

Introduction

This report presents the major findings of a one-year opera-
tional Investigation conducted at the Interagency Agricultural
Wastewater Treatment Center (lAWTC) at Flrebaugh, California,
by the United States Bureau of Reclamation (USBR) , the
Environmental Protection Agency (EPA), and the California
Department of Water Resources (DWR) on the use of algae to
remove nitrogen from agricultural tile drainage In the San
Joaquin Valley of California. This Investigation, which
represents only one aspect of an overall program (l, 2, 3, ^),
was established to determine If a method(s) could be found
to reduce the total nitrogen content In agricultural tile
drainage (5, 6, 7, 8) to 2 mg/l or less, the level established
as a maximum for the San Francisco Bay-Delta area {9, 10)

.

Phase I Conclusions

The algal nitrogen removal Investigation was conducted In
two phases. Phase I (11) was designed to determine the
feasibility of using controlled algal growth and harvesting
to remove nitrate -nitrogen from agricultural tile drainage
(12, 13, 14, 15, 16, 17). "Hiat study concluded:

1. Algal growth and harvesting Is a technically feasible
method of removing nitrate -nitrogen from subsurface tile
drainage

,

2. Preliminary costs of an algal system, as studied at the
lAWTC, would be approximately $135 per million gallons of
water treated,

3. Some nutrients (e.g., carbon, phosphorus, and Iron) may
be limiting in tile drainage during portions of the year and
would have to be supplemented in an algal treatment plant to
achieve maximum nitrogen assimilation and removal.

4. No more than four hours of mixing (with velocities of
from 0.25 to O.5O feet per second) would be required for
maximum nitrogen assimilation.

5. Theoretical detention time required for maximum nitrogen
assimilation would be from 5 to I6 days and appeared to be
inversely related to pond temperatures within the range of
12<^C to 25°C, and independent of temperature within the
range of 25^0 to 33°C.



6. Optimum culture depth was 8 Inches, but this depth could
be increased by lengthening the detention time. Comparison
of different depths (8 to l6 inches) showed that nitrogen
assimilation varied seasonally and was directly related to
available light.

7. A secondary study at the lAWTC indicated a symbiotic
process (algal -bacterial) removed substantial amounts of
nitrogen and should be considered as a potential nitrogen
removal process

.

8. Under the study conditions, some mechanism to control
sludge accumulation appeared to be required during certain
times of the year

.

9. Algae can be separated readily from agricultural tile
drainage by lower levels of flocculents (e.g., ferric sulfate,
5 rag/l; alum, 20 mg/l; lime, ^0 mg/l; and cationic polyelec-
trolytes, 0.2 rag/l) than found necessary for harvesting
sewage-grown algae (l8) . This concentrated algae slurry can
then be dewatered and dried to produce a stable product.

10. Removal of nitrogen (by any method) from agricultural
tile drainage does reduce the stimulatory effect of drainage
waters on algal growth in the receiving waters (San Francisco
Bay -Delta)

.

11. If a market were developed for the algal product, the
product would probably be worth approximately |80 to $100 per
ton, an amount that could be subtracted from the overall
cost of treatment.

12. Phase II studies should be initiated to define opera-
tional criteria.

Phase II Objectives

At the completion of the Phase I studies in December 19^9^
the Interagency Advisory Group authorized initiation of the
Phase II (operational) studies to be conducted at the lAWTC
from January 1970 through December 1970. The primary objec-
tives of the Phase II studies were to:

1. Refine the design criteria.

2. Develop operational procedures.

3. Recommend a design for a prototype algal nitrogen
removal plant.



Although this report. Phase II, deals specifically with the
1970 operational studies at the lAWTC, Phase I results have
been included where applicable.

Approach Rationale

The Phase I studies were designed to determine the feasibility
of using algae for the removal of nitrogen from agricultural
tile drainage. After preliminary studies were conducted to
define the basic operational factors that might be expected
to affect the efficiency of nitrogen assimilation by the
algae, a series of short-term investigations was conducted
to determine the effect of: (l) mixing, (2) detention time,
(3) depth, and (4) nutrient addition (carbon, phosphorus, and
iron) on the operation of algal growth units. From the results
of these studies, which are presented in the introduction of
this report, it was concluded that algal nitrogen removal is
a feasible method of removing nitrogen from agricultural tile
drainage.

The Phase II studies were designed to follow the predicted
month -by -month nitrogen loading for San Joaquin Valley agri-
cultural wastewaters during one year's operation. The goal
was to develop the basic techniques needed to determine the
seasonal operating criteria required in a full-scale plant,
rather than to maximize nitrogen assimilation in each unit.
Seasonal requirements were determined by monitoring algal
nitrogen assimilation over an entire year in growth units
operating on various combinations of growth regulating para-
meters (see Table l). In working towaj'd these goals, the
following questions had to be answered before an assessment
of the process could be obtained.

1. Could the operating criteria governing nitrogen assimila-
tion determined in the Phase I studies be applied effectively
to the Phase II studies?

2. Would any of the basic operating criteria determined in
Phase I change over an extended period of time?

3. Could sustained nitrate-nitrogen removal be obtained on
a long-terra basis?

^. What levels of nitrogen assimilation could be expected
during different times of the year?

5. What are the optimal operational variables required for
maximum nitrogen removal throughout the year?

6. Would the algal harvesting criteria change?



7. What type of algal plant design would be optimal for
maximum nitrogen removal?

The present investigation was designed to answer these and
other such questions pertaining to the continuous operation
of an algal nitrogen removal system.

Theory of Algal Nitrogen Assimilation

Although algae have been used for a number of years in the
secondary treatment of domestic sewage in oxidation ponds,
only recently has their application to tertiary treatment
(nutrient removal) of wastewaters been considered. Shelef (19)
has stated that the major advantage of using algae in waste-
water treatment is the simultaneous accomplishment of biomass
production (by-product), oxygen production, carbon dioxide
adsorption, and nutrient assimilation. Furthermore, algae
are utilized in preference to higher plants (both would
achieve the same overall results) because they have a high
specific growth rate and continuous reproduction j and can be
grown in a continuous culture on a yeaJ?-round basis

.

Although there are numerous ways to represent the overall
stoichiometrics of algae photosynthesis and nutrient assimi-
lation. Equation [1] proposed by Jewell and McCarty (20)
best seems to represent the algal nitrogen removal process
investigated at the lAWTC:

aC02 + CNO3 •" ePO^""^ + (c+3e)H"*" + Eq. [1]

1/2 (b-c-3e)H20 + sunlight = CaHbNcOdPe +

(a + bA + 5cA-d/2 + 5eA)02

This equation predicts that as plant photosjmthesis occurs,
a fixed ratio of major nutrients will be eliminated from the
growth media. For example, the following equation by
McCarty (21) represents the average stoichiometric incorpora-
tion of C, H, 0, N, and P into plant cell material:

106 CO2 + 81 H2O + 16 NO3" + HPO/^" + 18 H"*" + Eq. [2]

light = C106H181O45N16P + 150 O2

Equation [2] represents the algal composition typically
reported in the literature (22, 23, 24, 25, 26, 27) for algae



under good growing conditions and is usually about 6 to 11
percent nitrogen, 50 percent carbon, and 0.5 to 2 percent
phosphorus. However, the chemical composition of algae can
be extremely variable, differing with species and conditions
of growth (19, 26, 28, 29). For example, Foree and McCarty
(30j found that the cellular composition reported for
Chlorella pyrenoidosa varied from C5. 20^10. 2O3.32N to

^57. 3^103. 2°10.oN-

The extent of algal cellular production. Equation [1], is
proportional to the concentration of the limiting nutrient
(22) and corresponds to "Lleberg's Law of the Minimum" and
Blackman's concept of "Limiting Factors". The rate at which
this reaction will proceed is a function of available light
energy, which is the determining factor regulating algal
plant capacity, physical dimensions, operational parameters,
biomass concentration and production (19^ 31* 32). Accord-
ingly, the ultimate goal of design in an algal nutrient
removal system should be the optimal utilization of light
with only the undesirable nutrient as the limiting factor.

The probable nitrogen removal pathways in the algal growth
units as studied at the lAWTC are presented in Figure 1.

CHEMICAL
ADDITION

PLANT i

LlfaMl

ALGAL NITROGEN ASSIMILATION

NOi » NO; m N, 0, —»-NM;OH" » NH, ^ AMINO
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FIGURE I
- PROBABLE NITROGEN PATHWAYS IN ALGAL GROWTH UNITS



If such a system is hydraulically balanced, the only pathway
utilized will be the algal uptake and assimilation of
nitrate-nitrogen, with subsequent conversion to cellular
material and the removal of the algae (and incorporated
nutrients) from the growth unit. This may not be the case
In large-scale units. Possible secondary nitrogen removal
pathways are presented in Figure 1 and their possible
significance will be presented in Chapter III of this report.

Nitrogen Assimilation Mechanism

In general, algae can utilize inorganic nitrogen as either
ammonia, nitrate, or nitrite. The reduction process by which
inorganic nitrogen is utilized requires energy in the form of
light (Equation [1]) and is temperature dependent. The level
of energy required depends upon the amount and type of
nitrogen reduction required.

The removal pathways of nitrate-nitrogen (the predominant
form in the tile drainage at the lAWTC) from the growth
medium via conversion into cellular material and subsequent
removal from the growth unit are illustrated in Figure 1.
The incorporation of nitrate-nitrogen into the cell involves
a chain of enzymatic reactions by which the nitrate ion is
first pumped into the cell, reduced to ammonia via several
reductase enzymes, and finally incorporated into chlorophyll,
nucleic acids, amino acids, and proteins (19, 21, 23, 24, 28,

33, 3^, 35). Each step of the process is affected by a
number of physical and chemical factors which influence both
the rate and extent of assimilation.

Types of Algal Growth

Fogg (36) has defined two types of unicellulsLr algal growth
systems. The first of these is generally referred to as the
"batch" culture and is characterized by the growth of uni-
cellular algae in cultures of limited volume (no nutrient
replenishment). In this type of culture, there are five
phases of algal growth: (l) the lag phase or period of
initial adjustment to the growth medium; (2) the exponential
(log) phase, represented by a period of rapid cell division;
(3) the declining growth rate phase, in which nutrients or
light become limiting; (H) the stationary phase, when
nutrients or light limit growth rate; and (5) the death
phase, where cell weight and cell numbers decrease. This
constitutes the normal pattern of growth for cultures of
limited volume; however, if the culture is not unlalgal,
the original species may be replaced in the later phases of
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growth by algal species with slightly different nutritional
requirements. Figure 2 Illustrates the batch-culture type of
growth with unicellular algal cultures.

(0



later section, the growth units utilized In the lAWTC
studies, though designed as continuous flow types, were In
actuality somewhere between batch and continuous flow.
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CHAPTER II

METHODS AND MATERIALS

The equipment and methods used in the lAVJTC studies were
described In detail In the Phase I report. A brief resume,
as pertains to the Phase II studies, is as follows.

Experimental Procedures

The basic experimental test units utilized in the Phase II
Investigation along with the operating criteria of each unit
during 1970 are listed in Table 1. Although several units
were retained for special studies, the majority of experi-
mental test units were held on fixed operating schedules for
the entire year. The large 1A -acre algal growth pond,
described in Phase I, was retained as a flexible unit,
serving as both a demonstration and algal production unit
with which algal separation could be studied on a seasonal
basis

.

The predicted changes in nitrogen concentration for San
Joaquin Valley agricultural wastewaters as well as the lAWTC
plant influent nitrogen levels are shown in Figure 3. An

FEB MAR APR MAY AUG SEPT OCT NOV DECJUNE JULY

1970

FIGURE 3-PROJECTED FLOW AND NITROGEN CONCENTRATION OF SAN JOAQUIN VALLEY
AGRICULTURAL WASTEWATERS AND ACTUAL lAWTC INFLUENT NITROGEN CONCENTRATION
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OPERATIONAL SCHEDULE FOR PRASE II
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attempt was made to duplicate the predicted monthly changes
in influent nitrogen, although loading could only be approxi-
mated (detention times from the Phase I study were used as a
guide)

.

A schematic diagram of the lAWTC algal nitrogen removal faci-
lities is presented in Figure ^. As shown in this figure,
there were 22 experimental test units referred to as mini-
ponds, each with a surface area of 128 square feet and a
water volume of 1,000 gallons at a 12-inch depth, and a lA-
acre demonstration unit. The plant influent came from a
common storage pond and the carbon dioxide was supplied to
all units through a common manifold system.

SUMP

^TILE

i
DRAINAGE

FARM LAND

CO2+AIR32

STORAGE
POND

820.000
GALLON

1000 GALLON
TEST
UNITS-

INFLUENT

-04-0
-04-O

EFFLUENT-

^>1
-01
-O
-O

-n-

INFLUENT

-n-
-o-

1/4 ACRE

DEMONSTRATION

UNIT

•EFFLUENT

.BIOMASS
REGULATION-
SEPARATION
UNIT

ALGAL
HARVESTING

^^EFFLUENT

FIGURE 4- SCHEMATIC OF lAWTC FACILITIES
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Analytical Methods

Chemical Analysis

Chemical analyses (Table 2) of treated and untreated tile
drainage were made according to the various procedures out-
lined in Standard Methods (4o) for the determination of the
chemical constituents considered pertinent to the investiga-
tion.

TABLE 2

CHEMICAL ANALYSIS SCHEDULE

Constituent Frequency Method

Nitrate

Nitrite
Ammonia
Organic Nitrogen
Orthophosphate
Iron (total and

dissolved)
Chemical Oxygen Demand
Dissolved Oxygen, DO

3 times/wk.

3 tiraes/wk.
once/month
once/wk

.

once/wk,

once/wk.
as required
as required

pH daily
Alkalinity twlce/wk.
Electrical Conductivity as required
Total Dissolved Solids,
TDS as required

Brucine, specific ion
electrode

Diazotization
KJeldahl-Distillatlon
KJeldahl
Stannous chloride

Phenanthroline
Dichromate refluxing
Winkler-Azide

Modification
Glass electrode
Titration-pH meter
Wheatstone Bridge

Evaporation,
gravimetric

Samples for special analyses, normally conducted each time
the storage pond was filled, were sent to the Department of
Water Resources' laboratory at Bryte, California. In addi-
tion, samples for trace metal determinations were sent to
the U. S. Geological Survey laboratory in Sacramento for
analysis by emission spectrography.

Biological Analysis

The primary method used to determine changes in algal biomass
was measurement of volatile suspended solids on a Whatman GPA
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glass filter disc; in addition, all units were examined at

least once a week to observe the condition and species of
algae present. At the same time as the species examination,
cell counts were determined by a microscope and a

hemacytometer.

In some light box studies, the progress of cell growth was
followed by measuring in vivo chlorophyll fluorescence. A
Turner Model III fluorometer was modified by adding a blue
light source and the proper combination of filters (Corning
CS5-.60 primary and CS2-60 secondary) for measurement of
chlorophyll a.

Physical Analysis

A continuous recording analyzer was used to monitor the 1/4-
acre demonstration unit for water temperature, pH, and sun-
light. Each of these parameters was also measured routinely
In the smaller experimental test units. In addition, a
weather station was located on the site to record dally
changes in air and water temperature, evaporation, precipita-
tion, and wind.

Quality Control

Quality control was conducted routinely and analytical tech-
niques were corrected, if not within the limits suggested in
Standard Methods (40). Because many of the results used in
the investigation were based on changes in nitrate-nitrogen
as measured with the use of a specific ion electrode, special
mention should be made of this method of nitrate-nitrogen
analysis.

This Instrument was standardized against known concentrations
of nitrate in denitrified tile drainage as well as with ni-
trate standards. Usually, a plot of meter readings versus
concentration showed a straight line between 0.5 and 50 mg/1
nitrate-nitrogen. Although some problems were encountered
as a result of changes In total dissolved solids (TDS), as

well as some day-to-day variations in electrode response,
the specific ion electrode was considered rapid (up to 150
analyses per hour), simple, and reliable.

Data Analysis

In the following sections, many of the results are reported
as nitrogen assimilated, expressed either as mg/1 or as per-
cent removed. In general, "nitrogen assimilation" is ex-
pressed as the amount of soluble nitrogen disappearing from
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the medium as a result of assimilation and conversion to

algal cellular material. However, this method of expressing
nitrogen assimilation is a simplification of a very complex
system where, for example, algal cellular production and
decomposition occur simultaneously.

In certain instances, response of algal growth to nutrient
addition has been expressed as changes in volatile solids
(VS), in vivo fluorescence, absorbance, or changes in some
constituent other than nitrogen. A typical example is that
shown by the correlation of volatile solids to absorbance.
Figure 5. Similar correlations of algal biomass changes to
nitrogen assimilation have been determined for the other
items

.

ABSORBANCE (OPTICAL DENSITY)

FIGURE 5- VOLATILE SOLIDS V( ABSORBANCE
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Test Units

Flask Bloassays

Algal nutrient bioassays, as well as special studies, were
conducted routinely by batch culture techniques. These
studies were customarily conducted with duplicate or tripli-
cate 1,000 milliliter (ml) Erlenmeyer flasks containing
500 ml of the medium to be tested. Small concentrations of
algae (2,000 to 3,000 cells/ml), usually Scenedesmus
quadricauda , taken from the outdoor growth units were used
as the inoculum. The inoculum was not axenic nor even uni-
algal, although it normally contained 90 to 95 percent
Scenedesmus . The use of algae from the test units proved
to be an effective method of monitoring growth variables
seasonally, perhaps because the algae were acclimatized.

Lighting was usually continuous (300- to ^00-foot candles
at the medium surface), and temperature, unless specifically
altered, was held at 22± ^"-'C . No means of automated mechani-
cal agitation was provided, but air (compressed only or
enriched with carbon dioxide) could be introduced to
individual flasks via a central manifold to provide agitation
and supplemental carbon. Air volume was regulated by short
sections of capillary tubing in each line and resulted in
approximately equal amounts of air being delivered to each
flask (^1).

Analyses similar to those previously described for the out-
door growth units (Table 2) were conducted during these
studies .

Operational Units

Miniponds . The primary experimental units utilized in the
Phases I and II investigations were 22 resin-coated plywood
growth units. Each minipond was 8 feet wide by l5 feet long^
with a surface of 128 square feet and a volume of 1,000
gallons at a 12-inch depth. Mixing pumps with 80-gallon-per-
minute capacity provided O.25- to 0. 5-foot -per-second (fps)
velocities to re-suspend the algae (Figure 6). Three
pond depths were studied with these units — 8, 12, and I6
inches. In addition, timers were placed in the electrical
circuits of the pumps to vary the hours of mixing during a
24-hour period. (The standard mixing schedule in Phase II
was from 8 to 8:30 a.m. -- san^llng period — and from
12 noon to 3:30 p.m. -- peak photosynthetic period.)
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Tile drainage was Individually metered from a storage pond
supply at rates to provide preselected detention times based
on the Phase I studies. This plastlc-llned storage pond had
an 820, 000 -gal Ion capacity and was refilled from a tile
drainage field adjacent to the lAWTC site.

Nitrate-nitrogen was mixed Into the storage pond as required
to build up the nitrogen level to the predicted concentration
(Figure 3). No adjustment was made when the wastewater
nitrogen level was In excess of predicted.

The effluent from the test units was drawn from near the
bottom of each unit (opposite the Influent) and discharged
through a "broken" siphon arrangement (Figure 6) . This
effluent tube was also used to maintain a constant depth In
the unit.

The ponds receiving supplemental carbon (as carbon dioxide)
had a mixture of atmospheric air and varying levels of carbon
dioxide metered into the Intake side of the mixing pumps
during the afternoon mixing cycle. The caJ?bon concentration
corresponded to the unit's nitrogen loading. To assure
complete addition to the test units, the bicarbonate forms
of carbon, as well as phosphorus and iron, were added to
individual test units daily, rather than to the central
storage pond supply.

An attempt was made to control algal blomass in several of
the test units by converting a 55-Eallon drum into a settling
tank (Figure 6) . The water from the growth unit was cycled
through the drum where some of the suspended material settled
out and then the supernatant was returned to the growth unit.
The sludge from each of these separation units was periodi-
cally collected, measured, and chemically analyzed.

One-quarter Acre Demonstration Unit . The 1A -acre unit was
an asphalt-lined pond with a 12 .5-foot-wlde folded raceway
channel approximately 8OO feet long. The ^-foot center
baffles were constructed of aluminum siding attached to a
wooden upright frame. This unit could be operated at depths
varying from O.5 to 3 feet. The effluent could be taken
from either the top or near the bottom of the mixing sump
(Figure 6) . With Its four available mixing pumps, operating
velocities of up to one foot per second were theoretically
possible at all operating depths. As with the smaller test
units, each pump had a timer which allowed for an almost
Infinite variety of mixing schedules. To provide supplemen-
tary carbon, an air-carbon dioxide mixture could be metered
into the intake side of the mixing pumps.
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CHAPTER III

RESULTS AND DISCUSSION

Operational Procedures (Phase II, 1970)

Operational Studies

The Phase II operational Investigation was designed to deter-
mine the seasonal effect of: (1) phosphate, (2) carbon, (3)
iron, (4) mixing, (5) blomass regulation, (6) depth, (7) de-
tention time, (8) soil, (9) light, and (lO) temperature on
nitrogen assimilation by algae in tile drainage. The purpose
of the investigation was not to operate each unit at maiximum
nitrogen removal efficiency but to determine which combina-
tion(s) of the above variables provided maximum nitrogen as-
similation under different environmental conditions. Good
experimental design dictated that only one combination of
variables be optimal over a given unit time. Consequently,
a decision was made early in the investigation to adhere to
the preplanned study design, except for special units, re-
gardless of the results in individual test units.

Flask Bioassays

During the lAVWC investigation (Phases I and II), a number of
light box algal bioassay studies were conducted which were
designed to determine factors that might alter the level or
extent of nitrogen assimilation by algae in agricultural tile
drainage. The results from these studies were then applied
to the operation of the mlnlponds. In general, the algal
bioassays proved to be a rapid and effective method of evalu-
ating nitrogen assimilation under different growth conditions.
Summaries of these studies, considered pertinent to an under-
standing of the algal process, are presented in the following
sections.

1970 Startup

Both the mlnlponds and the 1/4-acre demonstration unit were
continuous flow (influent injected in one end, effluent re-
moved at the other end), stirred (semi-mixed) algal reactors.

At the termination of the Phase I studies in December 1969^
all of the mlnlponds except the units containing a layer of
soil were drained, cleaned, repaired, and refilled with tile
drainage containing a Scenedesmus inoculum from the 1/4-acre
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demonstration unit. This procedure was completed In February
1970. The units were then operated on batch for several
weeks before placing them on the designated schedule. During
the next month and a half, there was a transition period
between Phase I and Phase II which resulted In a number of
operational Items being neglected. By mid-March a large
error In the rate of Influent to many of the units was
detected. In addition, a volume measurement of the air-carbon
dioxide to each test unit showed that the flows were In error.
By the second week of April, these operational discrepancies
had been largely corrected and this resulted In a correspond-
ing Improvement In nitrate assimilation.

From mid-April through December 1970, most of the mlniponds
were operated continuously on the designated schedule.
Detention time was varied in an attempt to bracket seasonal
changes in optimal detention time. The remaining units were
retained for special studies. At the end of July, the
majority of the units were emptied and restarted with inoculum
from the lA-acre demonstration unit.

Plant Influent

Subsurface agricultural tile drainage (^6) was pumped to an
820,000-gallon covered storage pond which provided the
influent for the algal nitrogen removal studies. Although
the main reason for having a storage pond was to assure a
source of Influent, it was also Intended to provide a
constant water quality to the test units. There were,
however, significant changes in TDS and general water quality
each time the pond was filled . The changes in TDS and total
alkalinity in the plant Influent for 1970 are plotted in
Figure 7. The large change in TDS noted at the end of the
summer resulted from the crop rotation and water application
practices in the tile drainage field adjacent to the test
site, which coincided with changes in major nutrients that
had occurred over a three-yesu* period at the lAWTC (Figure 8),

When the storage pond was filled with tile drainage, samples
were collected and ajialyzed for standard minerals, trace
elements (thought to be required for algal growth), pesti-
cides, and algal bioassay nutrient responses to carbon,
phosphorus, and iron addition.

Late in 1970, the aluminum and iron levels in the plant
influent Increased noticeably. A check of the storage pond
roof (which was aluminum supported by iron girders) indicated
that there was a considerable amount of corrosion which was
probably responsible; however, it is not known whether this
had any effect on algal growth and nitrogen metabolism.
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Probably the corrosion of the storage pond roof caused a
buildup of Iron In the growth units without iron addition
noted during the late summer of 1970.

Another item of importance was the accumulation of a sub-
stantial amount of silt, detritus, etc., on the bottom of
the storage pond. Analysis of this material for nitrogen
concentration indicated that it contained about 1,000 milli-
grams per liter of nitrogen; however, the total amount of
the material in the pond was unknown. It is possible that
this nitrogen recycled in the storage pond, which would
explain the fluctuations beyond analytical variation noted
in the influent nitrogen level between storage pond fillings.
A similar phenomenon attributed to nitrogen recycling from
dead algal material was noted in some special symbiotic
studies which will be discussed later.

Factors Affecting Nitrogen Assimilation

According to Equation [1], carbon, nitrogen, hydrogen,
oxygen, and phosphorus are the major Inorganic nutrients
required for production of algal cellular material. In v

addition, boron, B; calcium, Ca; chlorine, CI; cobalt, Co;
copper, Cu; iron, Fe; potassium, K; magnesium, Mg; manganese,
Mn; molybdenum. Mo; sodium, Na; sulfur, S; vanadium, V; and
zinc, Zn; are usually considered essential to normal algal
growth and metabolism of green algae (27, 42, ^43, ^^ , 45).
The Phase I studies demonstrated that to achieve maximum
nitrate-nitrogen assimilation by the algae, the plant
influent had to be supplemented at different times of the
year with varying amounts of carbon, phosphorus, and iron,
so that nitrate -nitrogen remained the limiting nutrient.
Furthermore, there were indications in the laboratory
studies that other trace elements might at times stimulate
nitrate -nitrogen uptake by the algae.

Algal growth rates and nutrient assimilation are governed
by the existing environmental conditions. To compensate for
changes in such factors as light and temperature, detention
time and depth were seasonally adjusted to provide conditions
conducive to maximum growth. Consequently, because all the
growth variables have Important effects on nitrogen assimila-
tion, each will be discussed separately in the following
sections

.

Effect of Light on Nitrogen Assimilation

Since algae used in wastewater treatment systems are exclu-
sively autotrophic, light can be considered to be their sole
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energy source (19, 32, ^7). Light absorption kinetics, as
related to nitrogen assimilation, have been extensively
described by Shelef, Oswald, and Golueke (19), while the
practical application of light factors to algal wastewater
treatment systems has been described by Oswald in a number
of publications (15, 17, 31, 32, ^8).

Nitrogen assimilation by algae is Intimately linked to photo-
synthesis, and several workers have shown that light in the
blue wavelengths is especially favorable for nitrate reduc-
tion (33, 3^). In 1920, Warburg and Negelein in a classical
experiment (49) showed that light stimulated nitrate reduc-
tion by Chlorella, which is accompanied by oxygen evolution.
They considered that, both in the light and dark, nitrate
reduction is coupled with carbohydrate oxidation, but that
in the light the carbon dioxide which might be expected as

a product is assimilated by photosynthesis and replaced by
oxygen evolution. Light was thought to: (l) stimulate
nitrate reduction by increasing the permeability of cells to
nitrate; (2) through photosynthesis, produce organic compounds
available as electron donors for nitrate reduction;

(3) produce a photochemical reductant; and (4) through photo-
phosphorylatlon, stimulate nitrate reduction. Davis (50)
found little nitrate reduction by light-limited Chlorella in
the absence of carbon dioxide, unless glucose was added. He
suggested that carbohydrate metabolism was necessary to form
the reductant.

The absorption of light energy by dense algal cultures can
be approximated by the following modification of the Beer-
Lambert Law

:

Ih = loe'^'^'^ Eq. [4]

Where Iq Is the incident light Intensity, I^ Is the intensity
of light at any depth, d is depth in centimeters, c is the
algalpConcentration in mg/l, E is the extinction coefficient
in cm /mg, and e is the base of the natural logarithms. As
indicated in this equation, light penetration to Id Is
directly affected by incident light and inversely affected
by depth and culture density. However, the Beer-Lambert Law
is only valid for true solutions (33) and does not apply
strictly to algal suspensions (51) • Furthermore, photosyn-
thetically linked reactions are time-intensity dependent,
rather than just intensity dependent, with light utilization
efficiency (growth rates) being highest at low cell densities.
Gates and Borchardt (^7) found that the total available light
per functional cell was the Important factor and that the
optimal growth rate was dependent upon some minimal level of
light which, if surpassed, resulted in a decrease in
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efficiency; and that illuminating an algal cell with more
than saturating light intensities represented an inefficient
use of energy. Krauss (33) found that excess light may even
be detrimental to chlorophyll production. Oswald (32)
stated: "The Bush equation dictates that efficiency of light
use increases with depth, . . . but a limit exists where the
depth is so great that no light penetrates and losses, due
to algal respiration, exceed their gain to photosynthesis."

The practical implication of applying light "input" to the
operation of algal growth units is that if light-limiting
conditions are to be avoided, the cell concentration must be
adjusted so that each actively growing cell will receive
optimum light. There are several ways this can be accom-
plished. First of all, depth and detention time can be
adjusted seasonally to maximize the available light penetra-
tion; for example, long detention time-shallow depth in the
winter and short detention time-deeper depths during the
summer. Secondly, cell concentration can be maintained at
a given level appropriate to the available light by regula-
tion of the biomass. Another possible method of Increasing
the availability of light to individual cells is to move the
algae into the light path by induced turbulence (mixing);
however, mixing can be detrimental if nonphotosynthetic
material, for example, nonasslmilating older algal cells and
suspended inorganic colloidal particles, interfere with light
penetration. If these older cells decompose and ammonia-
nitrogen becomes available under low-light conditions, it
will be assimilated instead of nitrate (28). The signifi-
cance of algal decomposition on nitrate assimilation will be
brought out in a later section of this report.

Light availability to the algae and influent nitrogen loading
were found to be the most significant variables affecting
nitrogen assimilation during the Phase II investigation.
The effect of light on nitrogen assimilation was measured in
three miniponds of equal surface area which were operated at
different depths of 8, 12, and l6 inches, and equal detention
times. In addition, there were also some indications of the
effect of light (depth) on nitrogen assimilation in the lA-
acre demonstration unit, which was the only unit operated at
depths of over l6 inches. During the Phase II study, this
unit was operated at depths ranging from 8 to 2H inches.

The changes in the influent and effluent nitrogen concentra-
tion in units which were operated at the three depths are
shown in Figure 9. From the unit startup in January until
mid-April, the nitrogen removal level in the 12-inch depth
unit was approximately 10 mg/l greater than in the corres-
ponding 8- and l6-lnch depth units. This was considered to
be the result of Insufficient light conditions, although none
of the units were operating efficiently. When the carbon
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dioxide concentration to all the mlnlponds was corrected in
early April, the effluent nitrogen concentration at all
three depths decreased rapidly to comparable levels
(Figure 10)

.

Although light was undoubtedly the important factor, much of
the differences in nitrogen removal at the three depths are
now attributed to insufficient carbon concentrations during
the early period of the year.

These units remained comparable in nitrogen removal until
the end of September, at which time the range broadened.
The larger differences at the three depths during time of
startup were thought to be the result of low biomass concen-
trations associated with startup because more light was
available during the spring than in the late fall

.

The total nitrogen in grams per day per minipond assimilated
at the three depths is shown in Figure 11 . From April through

FIGURE II -QUANTITATIVE NITROGEN ASSIMILATION AS AFFECTED BY OEP GRAMS PER DAY PER
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September, the l6-inch depth unit assimilated nearly twice
the nitrogen as the comparable 8-inch depth unit. Light
energy calculated as total light energy per day in langleys
(gm cal/cm^/mlnute) is shown in Figure 12.
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FIGURE 12- LIGHT ENERGY RECEIVED DURING 1970

Calculations of nitrogen assimilated from April through
September showed that the l6-, 12- and 8-inch depth miniponds
were removing lA, 8, and 6 grams of nitrogen per day per
minipond, respectively. This corresponded to a period in
which light ranged from ^00 to above TOO langleys per day.
In October, the cultures in all three depths were removing
about 8 to 10 grams of nitrogen per day and light was at
about 200 to ^00 langleys per day. Finally, in December,
all three units averaged 5 to 6 grams nitrogen removed per
day per minipond at light levels of 200 langleys or less per
day.
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A detailed examination of the data plotted in Figure 11 and
Figure 12 shows an interesting relationship between light
availability and nitrogen assimilation. The average total
soluble nitrogen removed per day per rainipond at the various
depths during 1970 as related to the total light available
is shown in Figure 13. At about 300 langleys per day,
5 grams of nitrogen were removed per day per rainipond,
regardless of depth. At 300 to 600 langleys per day, all of
the units removed increasing amounts of nitrogen, although
the deeper units were removing the greater amounts. At light
in excess of 600 langleys per day, the deeper units removed
increasing amounts of nitrogen proportional to increased
depth, with the l6-inch unit removing 1^ grams per day.
However, the 8-inch depth unit decreased to about 5 grams
nitrogen removed per day at the higher light levels, indica-
ting light inhibition. The high light intensity in this unit
may have had a detrimental effect on chlorophyll production
(33). In the l6-inch unit, use of light energy was more
efficient because the same light was distributed through a
greater volume of culture.
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FIGURE 13- NITROGEN REMOVAL-IN MINIPONDS
AT DIFFERENT DEPTHS AND LIGHT ENERGY LEVELS.
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Nitrogen assimilation in the 1A -acre demonstration unit,
operated at a 24-lnch depth, is shown in Figure 1^. During
August, when this unit was first operated at a 24-inch depth,
there apparently was enough available light (500 to 600
langleys per day) to reduce the total nitrogen in the
effluent to less than 4 mg/l at a 10-day detention time.
By the middle of September, the available light had diminished
and the effluent nitrogen increased; however, this reduction
in removal came at a time when the detention time was
decreased to 8 days. Calculations indicated the effluent
nitrogen would probably have remained below 5 nig/lj even at
these lower light levels, if the detention time had remained
constant

.
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The effect of wall shading on the actual light entering the
1A -acre demonstration unit and a typical rainipond is shown
in Figure 15 • The percent wall shading was calculated for a
one-foot deep unit; however, the percent shading varies
proportionally to the height of the divider wall and the
depth and width of the unit. This wall shading was thought
to be a significant factor in reducing unit efficiency,
particularly during the winter months when light was critical
The effect of divider shading would, of course, become
negligible as algal growth units are enlarged and shading to
unit volume is reduced.

Another factor affecting light availability was shading due
to algal flotation. Flotation occurred in a number of the
units during the latter part of the summer in both Phases I

and II, and in most cases this algal material was not removed
from the surface of the unit. In the last few months of
Phase II, when it became obvious that light was extremely
critical, the floating algae were removed. The removal
usually was followed by an improvement in nitrogen
assimilation

.

oo-



Effect of Temperature on Nitrogen Assimilation

Since temperature depends to a large extent on light Inten-
sity, In nature any change In light will also affect the
growth of algae by affecting temperature (51). Accordingly,
the effect of temperature on algal growth rates normally
follows Van't Hoff's rule, namely a doubling for each 10°C
Increase In temperature within the range of temperature
tolerance. Furthermore, temperature effects on growth rates
have been found to be a function of light Intensity; for
example, Krauss (33) found that a high temperature strain of
Chlorella Is Inhibited by light intensities above 1,000 foot-
candles when grown at 25°C, but not below 3^000-foot candles
at 39°C. According to Krauss, the high temperature appar-
ently permits a higher absorption of light energy without
damage. Conversely, Emerson (52) stated that the temperature
at which cells are grown appears to play little part in the
efficiency of photosynthesis. He found cultures grown at
10°C showed only 0.7 percent lower efficiency than cultures
of corresponding density grown at 20°C and that highest
efficiencies were actually observed at around 10°C. However,
Oswald (53) found that the efficiency of light energy conver-
sion by Chlorella Increased linearly between ^*^C and 20*-'C

and declined above 20°C. It would then seem that though
there is little doubt that temperature and light interact in
their effects upon algal growth rate, the exact relationship
remains controversial

.

To determine the effect of temperature on algal nitrate
assimilation in tile drainage, several studies were conducted
with the use of the light box using shallow trays of circu-
lating water to maintain the flask temperatures at 12.3,
21.6, and 28.0°C with a variance of 1 3°C . Three extensive
studies were conducted in a series during the early spring
of 1970. The first study determined, among other things,
that if algal cultures were started from a small inoculum,
the lag and early exponential phases of algal growth were
characterized by an Increase in total blomass and nitrogen
assimilation. These Increases were a function of Increased
temperature, as would normally be expected; however, there
were indications that once these early stages of growth were
completed, the optimal temperatures for maximum nitrogen
uptake decreased.

In the second experiment of the series, cultures containing
an initial low cell concentration of the inoculum, mainly
Scenedesmu s quadrlcauda , were incubated at the medium temper-
ature (21'-'C) until the exponential growth phase was reached,
at which time some of the cultures were slowly adjusted to
the extreme temperatures, 12° and 28°C, respectively. In
this particular study, the general pattern of growth and
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nitrogen assimilation was the reverse of that noted in the
first study, in that niaxlrauro nitrogen assimilation and bio-
mass production occurred at the lowest, instead of at the
highest temperature.

Finally, a third study, designed to incorporate the methods
used in the first two studies, was conducted at the three
temperatures (12.3* 21.6, and 28.0°C). As shown in Figure
16, during the first phase of growth, the lag period became
shorter at the higher temperature. However, after this
Initial period, the time required for complete nitrogen as-
similation was about equal at all three temperatures tested.
This seems to correspond to the findings of Emerson (52).
There was also a change in the predominant algal species
after an extended period in the high temperature cultures
that was not noted in the 12°C series. As shown in Figure 17,
the changes in volatile solids in this study corresponded to
changes in nitrogen assimilation rates (Figure 16).

Increases in volatile solids (Figure 1?) were found to
correspond directly to increases in nitrate assimilation.
Furthermore, if it is assumed that each culture received the
same level of light, the algae growing at the low temperatures
must have been more efficient than those cells grown at high
temperatures. Inasmuch as the biomass production, volatile
solids, and nitrate assimilation of the former were greater.
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FIGURE 16- NITROGEN ASSIMILATION AS AFFECTED
BY TEMPERATURE
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FIGURE 18- CHANGES IN NITRATE, ALGAL CELL COUNTS AND
VOLATILE SOLIDS IN CULTURES OF DIFFERENT VOLUMES

A special temperature study conducted with the use of a
1,000-gallon mlnlpond In the fall of 1970 (Figure 19)
Indicated that light had a greater effect than temperature
on nitrogen assimilation. A comparison of nitrogen assimi-
lation by an algal culture grown In a unit at ambient temper-
ature and with that of one grown at summer temperatures of
25-30°c showed that the higher temperature had no beneficial
effect on nitrogen assimilation.

Flask bioassays seemed to Indicate that high temperature,
rather than excess light, was detrimental to the algal system
under study, although under certain circumstances both would
be equally inhibitory. High temperature probably affected
the system in several ways: (1) by directly inhibiting the
algae, (2) by Increasing the nitrogen in the system via
speeded up sludge decomposition and resulting nitrogen regen-
eration, and (3) by adversely affecting nutrient solubility.
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Effect of Mixing on Nitrogen Assimilation

The Phase I studies showed that mixing can affect algal
systems In a number of ways: (l) by moving the algae Into
the light zone; (2) by reducing the extent of the anaerobic
areas; (3) by removing the solid material from the system by

keeping the solids In suspension and available for discharge
In the effluent; [k) by replenishing carbon dioxide exchange
from the air to Increase the surface area exposed to the
atmosphere; (5) by stirring the bottom deposits, thus making
more nutrients available; and (6) by preventing thermal
stratification. A study on the effect of duration of mixing
early In the Phase I Investigation showed that a four-hour
period of daylight mix was optimal for maximum nitrogen
assimilation. However, the study did not Include a strictly
night mix regime, although 2^ -hour mixing was included.
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A Study was conducted early in Phase II to determine what
effect ^ hours of night mixing, as opposed to ^ hours of day-
light mixing, would have on nitrogen assimilation. The study
showed that the benefits of night mixing were equal to those
of daylight mixing (Figure 20).
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FIGURE 20- EFFECT OF DAY OR NIGHT MIXING
ON NITROGEN ASSIMILATION

When the performance of cultures under day mixing, with and
without the addition of carbon dioxide, was compared to that
of a nonmixed unit receiving no carbon addition, very little
difference in nitrogen assimilation was observed between
those mixed and nonmixed units which did not receive added
carbon dioxide. To test the hypothesis that carbon addition
and not mixing was the limiting factor affecting nitrogen
assimilation by the algae, one test unit was operated on a
nonmix schedule and carbon dioxide was injected by means of
a diffuser. Algal nitrogen assimilation in this unit was
then compared to that occurring in mixed units, with and
without carbon dioxide addition, and a nonmixed, no-carbon-
dioxide unit (Figure 21). During the first few months, the
only difference observed in nitrate assimilation between
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these minlponds vjas caused by the addition of carbon dioxide.
Furthermore, when the influent nitrogen concentration
declined in June to the extent that carbon was no longer
limiting in the systems, nitrogen removal in all of the mixed
and nonmixed units receiving or not receiving additional
carbon dioxide was comparable, as is shown by the curves in
Figure 21.

Another aspect of mixing found to have been of importance
was the fact that since all the mixing units had the same
size pumps, the water velocity and solids removal became a
function of pond depth. A measurement of velocities within
the individual units showed a wide range between units. In
addition, since the effluent had to pass out of a riser-tube
aj?rangement and flow velocities were often negligible,
material of greater density than water tended to stay in the
miniponds (Figure 6). The change in concentration of
volatile and suspended solids in the pond during a mixing
cycle is plotted in Figure 22, which shows that the suspended
solids began to settle even before the mixing pump had been
turned off. Mixing at velocities to 0.5 foot per second was
not found to be adequate to remove much of the settleable
solids in the unit. As a result, a sludge buildup occurred
as time progressed. These differences in pumping per unit-
volume could not be conveniently corrected during the study
and probably were a factor in reducing the efficiency of the
deeper units .

The results of Phase II studies, although indirect, indicate
that in spite of any beneficial effect it may have, mixing
of an algal growth unit containing laj?ge quantities of sludge
may be detrimental. One possibility is that mixing brings
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than were the intermediate and short detention times. From
the early part of the year through September, detention times
ranged from as long as l6 days in January to as short as
1 day in July. Usually, the spread between the short and
long detention time periods was on the order of 2 to 5
detention times, depending on time of the year. Because
detention time is a major operational parameter in algal
growth systems, some other factor must have limited nitrogen
assimilation by the algae.

Late in the fall, the differences in nitrogen removal between
the three detention time units increased. During this
period, algal growth rates were quite low due to limited
light conditions and detention times apparently were adequate
to bracket the optimal flow required for maximum nitrogen
removal

.
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Figure 2H shows the total grams of nitrogen removed per day
per mlnlpond In the 12-lnch units enriched with carbon
dioxide and operated at the various detention times during
1970. Even though the effluent from the unit operated at
the longest detention time had a lower nitrogen content than
that from the units operated at shorter detention periods,
nitrogen removal In the latter units was greater In terms
of removal per unit per day. Influent loading also may have
had an Indirect effect on unit operation, for example, on
sludge buildup and algae washout, etc.; however, these
relationships were not examined In detail at the time.
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Effect of Carbon on Nitrogen Assimilation

Autotrophic photosyntheslzlng algae, unlike heterotrophic
bacteria and algae, use Inorganic carbon as their carbon
source. Carbon dioxide Is the most common form of carbon
used (33), although Scenedesmus , the predominant species
studied at the lAWTC, and other algae supposedly can utilize
bicarbonate as readily as carbon dioxide (5^). Regardless
of the carbon form used, there Is considerable disagreement
as to the form in which it actually penetrates the cell or
chloroplast (33)

.
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Natural ollgotrophic bodies of water probably contain an
almost limitless supply of Inorganic carbon for algae growth
(^7) In the form of alkalinity and from carbon dioxide absorp-
tion from the atmosphere. However, Gotaas et^ aJ (55) found
that the lack of sufficient inorganic carbon in raw sewage
can limit the production of algae. The same is probably true
of any water rich in nutrients but poor in carbon.

In poorly buffered systems, the assimilation of carbon dioxide
and bicarbonate by actively growing algae causes the equili-
brium indicated in the following equation to shift to the
right and the pH to rise

.

CO2 + H2O -^-* H2CO3 *-^ H"*" + HC03"-^-*H"*" + 003"^ Eq. [5 J

The concentration of any of the components of the carbon
dioxide-bicarbonate-carbonate buffer system is a function of
the temperature, pH, and TDS, as well as of the concentration
of the remaining nutrient components (56, 57). The equilib-
rium equation for the formation of hydrogen and bicarbonate
ions from carbonic acid is:

(^00^')(^^) = K, Eq. [6]
(H2CO3) ^

In the Handbook of Chemistry and Physics (58), the dissocia-
tion constant, K^, is reported to be 3-5 x 10~' at l8"C . At
a pH of 8 the ratio of carbonic acid to bicarbonate ion is
0.0286, at a pH of 7 it is 0.286, and at a pH of 6 it is
2.86 (59). A similar equilibrium reaction between bicarbon-
ate and carbon dioxide has a reported K2 of 4.^ x 10"^^ at
25°C (58); thus at pH 7, the ratio of bicarbonate to carbon-
ate ions would be 2,270 to 1, whereas at pH 11 the ratio
would be 1 to 4.4 (88).

At pH values above 9, carbonate precipitates as calcium and
magnesium salts, thus decreasing the total alkalinity.
Furthermore, these precipitates also remove many algal nutri-
ents, especially phosphorus and heavy-metal trace elements.
This precipitation of nutrients with increase in pH was found
to be a significant factor in the operation of the lAWTC algal
test units, in which the pH levels were often over 10.

Nitrate reduction by algae is very dependent upon the products
of photosynthesis (34). Photosynthesis produces carbohydrates
which in turn provide the hydrogen donors required for
nitrate reduction. Consequently, green algae in the absence
of carbon dioxide are usually unable to reduce nitrate-
nitrogen at a high rate. Davis (50) found that a ten-fold
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increase in nitrate reduction in the light would take place
after adding a carbon source. Bongers (2^) was able to
inhibit the incorporation of ammonia (the final step in the
reduction process) into amino acids by limiting the supply
of carbon dioxide in the presence of light. Bongers also
found that cells grown in a complete nutrient medium (nitrogen
content 8 to 10 percent) in light, under carbon dioxide

-

deficient conditions, excrete an amount of ammonia into the
medium equal to the amount of nitrate disappearing from the
medium. This was thought to be the result of a lack of
suitable carbon skeletons to function as ammonia acceptors.
Kessler (3^) found that as the carbohydrate reserves of a
cell are exhausted, there is a considerable increase in
nitrite accumulation in the medium, and presumably nitrate
reduction continues {^0} , even though nitrite and ammonia are
not assimilated. Furthermore, ammonia-nitrogen has been
reported to be toxic at pH values above 9 (25).

Several workers (53^ 60) have reported that concentrations
of csu?bon dioxide much in excess of 0.5 to 10 percent are
either toxic to algae or are growth-rate limiting.
Conversely, Tew et al (38) and Gates and Borchardt (47) have
been able to grow algae at concentrations of carbon dioxide
as high as 100 percent. Tew e_t al^ concluded that it is
feasible to use highly concentrated carbon dioxide for
continuous algal growth, if the growth rate is balanced with
carbon dioxide addition rates. Since many of the earlier
workers did not account for a total balanced nutrient system
as a function of carbon dioxide addition, this might explain
their inability to use carbon dioxide levels higher than
10 percent

.

One other facet of carbon dioxide addition pertinent to the
present study is the effect it has on the pH of the growth
medium. Changes of pH in the medium is a function of algal
cell growth (photosynthesis); the pH rises as carbon and
nitrate are assimilated by actively growing cells. As the
pH increases, many of the nutrients necessary for growth
precipitate out of solution (28). In the precipitated state,
their availability to algal growth is questionable. The
addition of supplemental carbon dioxide helps to stabilize
pH in an actively growing culture, acting both as a carbon
source and, by lowering the pH level, as a means of maintain-
ing nutrients in solution.

Since algae are approximately 50 percent carbon and 8 to 10
percent nitrogen, theoretically the ratio of caj?bon to
nitrogen in the growth medium should be 5il. Comparison of
the influent total alkalinities with predicted nitrogen
concentration (Figures 3 and 7) indicates that carbon
probably would be a limiting nutrient during those times of
the year when the nitrogen content of the influent is high;
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however, these calculations did not take into consideration
any air-water carbon dioxide exchange.

Because the relationship of carbon to nitrogen requirements
in tile drainage was unknown, a number of light box studies
were conducted to determine the effect of carbon addition on
nitrogen assimilation. In general, the studies showed that
the amount of caj?bon available to the algae during nitrogen
assimilation was an important factor. Data plotted in
Figures 25 and 26 from studies by Brown and Arthur (^l)
Indicate the typical response of algal nitrogen assimilation
and biomass production to the addition of various concentra-
tions of carbon.

In several other studies, the effect of carbon addition as
bicarbonate (a form thought to be utilized by Scenedesmus )

on nitrate assimilation was compared to that of ^ percent
carbon dioxide addition. The tests seemed to indicate that
bicarbonate-carbon, injected as sodium bicarbonate, was not
available for growth of Scenedesmus quadricauda . Studies
conducted later with the use of a minipond also indicated
that this form of carbon addition may not be as available as
that of carbon dioxide to Scenedesmus quadricauda . Initially,
when sodium bicaJ?bonate was added to this minipond there was
a positive response by the Scenedesmus quadricauda culture
in both appearance and nitrogen assimilation. However, within
a 2- to 3-week period, the Scenedesmus culture was replaced
by a variety of green and blue-green algae. An examination
of the minipond showed a large amount (1-2 inches) of
sludge, which was assumed to be carbonate compounds. Never-
theless, even though there were different algae in this unit,
nitrogen removal continued to be comparable to a minipond
which was receiving carbon dioxide for the remainder of the
year. The initial amount of sodium bicarbonate added to this
unit appears to have been too great.

Early in the Phase II study, it was decided to determine
whether the carbon-to-nitrogen ratio in the tile drainage
could be maintained by using the carbon available in the
alkalinity as a basis for calculating the carbon addition
required. Since the pH in the tile drainage was usually
about 7.0 to 1.5} most of the carbon was available as bicar-
bonate. The carbon addition was estimated as follows:

Ca = 5N1-C1 Eq. [7j

Where C^ = carbon addition required, N^ = influent nitrogen
in mg/l-N, and Cj^ = influent caj?bon from bicarbonate alkalin-
ity in mg/l-C.
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Although this method of estimating the required carbon did
not take into account such things as (l) actual carbon
availability, (2) carbon dioxide air-water exchange, and
(3) calcium caj?bonate precipitation at high pH values, it
did serve as an effective way of estimating the amount of
carbon required in the units. The studies further showed
that carbon had to be injected only during afternoon periods
of peak photosynthesis. The data as plotted in Figure 27
depict the typical diurnal changes in pH and bicarbonate
levels accompanying varying rates of photosynthesis.
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Figure 27- TYPICAL SHIFT IN pH AND HCO3 IN ALGAL TEST UNITS

Actual operation of the units showed that there were more
problems to be encountered in injecting the carbon dioxide
into the system in the correct amount than in determining
the correct carbon concentration. Automatic carbon dioxide
injection with pH control would probably have eliminated
many of the operational problems encountered at the lAWTC.
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Figure 28 shows the average concentration of the total
influent and effluent nitrogen. It also depicts the average
effluent organic and nitrite-nitrogen concentrations during
1970. During the period January through May^ the nitrite
concentration in most of the units was abnormally high, with
several miniponds over 5 mg/l nitrite-nitrogen.

FIGURE 28- CHANGES IN TOTAL INFLUENT NITROGEN AND EFFLUENT TOTAL
SOLUBLE NITROGEN. NITRITE AND SOLUBLE ORGANIC NITROGEN-

AVERAGE OF ALL UNITS

Since virtually no nitrite entered the system by way of the
influent, it appeared that nitrate was not being completely
reduced and, as a result, nitrite was being released into
the culture medium. A comparison of the performance of a
12-inch unit with and without carbon dioxide addition
(Figure 29) indicated that this nitrite release probably was
the result of a carbon deficiency for the amount of nitrogen
to be assimilated. This result agrees with the finding of
Krauss (33).
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FIGURE 29. CHANGES IN NITRITE CONCENTRATION IN TEST UNITS

WITH AND WITHOUT CO, ADDITION

As Shown in Figure 2 9, when the carbon level was adjusted
in April, the nitrite concentration of the effluent from
the units receiving carbon dioxide declined immediately to
less than 1 mg/1, the normal level in the system. Further-
more, the concentration of nitrite in the effluent from the
unit not receiving carbon dioxide remained at a high level
until mid-May, at which time the nitrite decreased in
response to the decline in the carbon requirement. After
this time, the nitrite concentration of the effluent from
all the test units continued at a low level for the
remainder of the year (Figure 28).

The above data seem to Indicate that, under conditions of
carbon deficiency, nitrate can be taken into the cell but
cannot be completely reduced to ammonia, and that nitrite
is then released from the cell at a level proportional to
the carbon deficiency. One other possibility is that
bacterial denitrification was occurring in the test units
at a fairly high rate and that the carbon deficiency
affected their rate of nitrate reduction. In any case, if
this carbon deficiency had been recognized earlier in the
year, measures could have been taken to improve the
nitrogen removal efficiencies of the test units (Figure 30)
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In August and September 1970, the culture in a minlpond was
maintained at a pH of 9.0t.5 by injection of controlled
amounts of 100-percent carbon dioxide into the unit. The
carbon dioxide injection device consisted of an "in pond"
pH probe connected to a regulatory unit by which the
desired pH could be maintained by the opening and closing
of a solenoid valve on a 100 percent carbon dioxide cylinder.
The gas was injected into the culture through a diffuser
system placed on the bottom of the test unit containing the
culture. A clock was then connected to the solenoid to
indicate the time of day at which the pH exceeded 9.0 and
to determine the number of minutes per day carbon dioxide
was injected. Plotted in Figure 31 are the minutes during
which 100 percent carbon dioxide was injected each day,
and the changes in effluent alkalinity and nitrogen. With
this arrangement for automatic pH control, the carbon
dioxide came on early in the evening, much later than had
been expected. A hypothesis for the lateness of the hour
of high pH is that the stored cellular carbohydrates were
being used prior to peak photosynthesis. The carbon
addition which followed this peak served to replenish the
carbohydrate level. Thus, it is possible that carbon
dioxide was being injected prematurely in the rest of the
units during 1970 as they received carbon dioxide from
1:00 to 4:00 p.m. each day.
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The changes in length of time of 100 percent carbon dioxide
injection per day indicated the existence of a period of
carbon dioxide utilization which was always followed by a
recovery period during which the pH stayed below 9.0.
Apparently, the only thing saving the unit from complete
failure was the self-regulating pH mechanism. Possibly
because the gas was injected as very large bubbles, some
algal cells came into immediate contact with 100 percent
carbon dioxide gas which was toxic to the cells. The
possible toxicity of 100 percent carbon dioxide injection
to algae and its inhibition of nitrogen removal were
discussed in the Phase I report.

Later, the 100 percent carbon dioxide concentration was
reduced to 4 percent to determine whether carbon dioxide
concentration influenced algal response. However, the
unit was not operated at a time when the carbon supply was
inadequate. Consequently, the results are inconclusive in
terms of effect of carbon dioxide concentration.

Effect of Phosphorus and Iron on Nitrogen Assimilation

Phosphorus is one of the major nutrients required for the
normal growth of algae and is frequently a limiting factor
of algal growth in nature (22, 42, 6l) . In solution,
phosphorus is primarily present as inorganic orthophosphate,
a form used by all living organisms (62). Since it plays an
important role in photosynthesis, uptake is considerably
greater in the light than in the dark, particularly in the
absence of carbon dioxide (28). Phosphorus is indispensable
in energy transformation reactions, existing as adenosine
triphosphate (ATP) formed by photosynthetic phosphorylation
(37) via the esterification of inorganic phosphate (28).
Algae are also capable of storing phosphorus as condensed
polyphosphates to be used at times when phosphorus is
deficient (37). Azad and Borchardt (37)^ using Scenedesmus
and Chlorella , found the "critical level" of phosphorus to
be about 1 percent of the cell weight. At lower concentra-
tions, growth was proportional to the phosphorus concentra-
tion in the medium. They found that at the critical level,
growth was constant ajid independent of phosphorus and
defined the level of phosphorus incorporation into the cell
above the critical level as "luxury uptake". They also
concluded that higher phosphorus concentrations were
required to grow the same concentration of algae at low
temperatures than at high temperatures.

Working with phosphorus -starved cells, Azad and Borchardt (37)
found that during "phosphorus dilution" the growth rate de-
clined to zero and the culture assumed the yellow-to-brownish
coloration typical of chlorosis. Indeed, the symptoms of
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phosphorus deficiency are the accumulation of fat, starch,
and cell wall substance which indicates some interference
with nitrogen metabolism (28)

,

Stumm and Leckie (22), discussing natural bodies of water,
stated that it is not possible to establish a critical level
of phosphorus because the rate of biomass production is pri-
marily influenced by the rate of supply of soluble phosphorus
to the algae. According to them, the rate is function of:
(1) regeneration of nutrients from the biota and detritus,
(2) the supply in the influent, (3) the exchange with the
sediments, and (4) the transport process (diffusion)

.

The pH of the medium may alter the rate of phosphorus uptake
either by a direct effect on permeability of the cell mem-
brane or by changing the ionic form of the phosphate (28)

,

As the pH level rises due to the activity of growing algal
cells, inorganic solid phases of phosphorus may form by
direct precipitation of phosphorus with calcium, aluminum,
and iron compounds as well as with clays (21, 22, 26, 37,
51> 63, 64K Figure 32, taken from a paper by Stumm and
Leckie (22), depicts the solubility of different phosphate
phases as a function of pH.
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FIGURE 32- PHOSPHATE SOLUBILITY
AS A FUNCTION OF pH

FROM STUMM AND LECKIE (22)
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One of the most important reactions plotted in Figure 32 is

the exergonic interaction in the formation of hydroxyapatite:

10 CaCOo(s) + 6HP0i,"2 + HpO + 211+ =
^ ^

Eq. [8]

Caio(P04)6(OH)2 + 10 HCO3-

It is thought to be one of the principal control mechanisms
for the exchange of phosphates between the sediments and
overlying waters. Precipitates of metals, which are formed
at the pH normally encountered in algal systems, can also
cause some phosphate removal from the medium, either by pre-
cipitation as an insoluble salt or by adsorption upon some
insoluble substance (21, 22, 26, 43, 61, 63, 64). The extent
of phosphorus precipitation is increased under aerobic con-
ditions and conversely is decreased under anaerobic condi-
tions, as a result of oxidation-reduction changes. Bongers
(24) and others also found that algae settling rates vary
according to the coagulation effect of the insoluble phos-
phate salts produced at high pH levels. This finding
responds to that by Steele and Yentsch (28), who noted that
as cells aged or nutrients became depleted, the rate of algal
settling increased. Conversely, if for any reason the
concentration of soluble phosphate in solution is increased
beyond 5 to 20 mg/1 (that is, by low pH conditions), phos-
phorus becomes toxic or inhibitory to the algae (27, 42).

Zabat et_ al (65), studying the kinetics of phosphorus assi-
milation by algae, found that the phosphorus content per unit
cell mass was higher under unfavorable conditions of pH and
temperature, although the cell yields were lower. Their
report presents a very comprehensive review of many aspects
of phosphorus, including its origin in lakes, its assimila-
tion by algae, and its removal in wastewater treatment plants.

The need for iron by actively growing algae is well substan-
tiated in the literature, although the form in which it can
be utilized is highly debatable (26, 27, 28, 42, 66, 67).
An iron deficiency in the algal growth medium leads to a
reduction in the rate of growth because of a reduction of
photosynthesis brought about by a decline in chlorophyll
production. It has been postulated that the iron deficiency
reduces the synthesis of proteins within the chloroplast.
It was further demonstrated that an increase in temperature
caused a sharp increase in the iron requirement as well as
an increase in the requirement for magnesium, zinc, and
manganese (28)

.
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Excess Iron can be toxic, depending upon algal species
(27, 28). According to Provasoll and Pinter (^2), a given
concentration of Iron can be In excess (toxic) at one pH
level and be deficient at a slightly different pH. The
change In Iron solubility with pH and oxidizing -reducing
conditions has been well documented. Morgan and Stumm (68)
have made a comprehensive review of the chemistry of Iron
and manganese In llmnologlcal cycles. In Figures 33 and 3^,
taken from their paper on "The Role of Multivalent Metal
Oxides In Llmnologlcal Transformations, as Exemplified by
Iron and Manganese", the changes In Iron and phosphorus
solubility are shown as a function of pH. As Indicated

FIGURE 33- SOLUBILITY OF FERRIC HYDROXIDE
IN WATER AT 25»c

FROM MORGAN AND STUMM(68)
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by the curves In Figures 33 and 3^, very little Iron is
soluble at the pH levels expected In systems with even
minimal algal growth. According to Hutchinson (67), ferric
Iron can be present In excess of 0.01 ppm only as a suspen-
sion of oxides or hydroxides In aerated waters In which the
pH Is above 5. Phosphate solubility In lakes has also been
correlated to that of Iron. Both of these Important algal
nutrients are known to be released from the sediments under
anaerobic conditions and low pH levels.

The nltrogen-to-phosphorus ratio In the lAWTC tile drainage
was about 100 to 1 (based on a 20 mg/l nitrate -nitrogen
Influent), as compared to about 10 to 1 In the algal cell.
As a result, phosphorus was the first nutrient studied in
Phase 1, and was found to be Insufficient in the tile
drainage for maximum nitrogen assimilation. Subsequently,
a general screening of known algal nutrients was made,
utilizing lAWTC tile drainage. Light box tests Indicated
that the addition of iron greatly increased the level and
extent of nitrogen assimilation by the test organism,
Scenedesmus quadrlcauda . On this basis it was concluded
that iron as well as phosphorus was a limiting nutrient in
the lAWTC water. Additional tests with ferric chloride
(FeCl3) and ferric sulfate (Fe2 (304)3) indicated that both
forms were adequate sources of iron. However, iron applied
as ferric citrate fFeC5HcO) had to be applied at about twice
the concentration (as Fej of that required to give the same
effect on growth and nitrogen uptake as the other two forms.
The addition of a chelating agent, the sodium salt of EDTA
(ethylenediamine tetraacetic acid), was found to decrease
the optimum concentration of Iron required for maximum
growth and nitrogen uptake, but the use of this material was
discontinued because of its high costs and the fact that it
contributes nitrogen to the system.

The beneficial effect of iron and phosphorus on nitrogen
assimilation is reiterated in this report because a reevalu-
ation of data indicated that iron in addition to phosphorus
was an Important "rate-limiting nutrient in many of the lAWTC
studies. Plotted in Figure 35 are data obtained in one study
in which different concentrations of iron and phosphorus
were tested for their effect on nitrogen assimilation by
Scenedesmus quadrlcauda . As shown in this figure, little
assimilation of nitrate-nitrogen took place In the absence
of iron or phosphorus. The minimal effective level of each
of these two nutrients was found to be approximately 2 mg/l
(at 20 mg/l original nitrogen) . At concentrations of iron
and phosphorus higher than 2 mg/l, a definite interaction
between phosphorus and iron as related to nitrogen assimila-
tion was observed to have taken place. Since high levels of
dissolved oxygen (DO) and pH (over 9) are associated with
high rates of nitrate assimilation during photosynthesis.
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PHOSPHORUS AS PO^Cmt/l)

FIGURE 35-EFFECT OF VARYING IRON AND
PHOSPHORUS CONCENTRATIONS ON
NITROGEN ASSIMILATION- LIGMTBOX STUDY

undoubtedly this interaction corresponded to the coprecipita-
tion of iron and phosphorus under active growth conditions.
The maximum extent of nitrogen assimilation in the laboratory
cultures occurred when 2 to 3 mg/l of both iron and phosphorus
were added.

In the tests on the effect of adding iron, the units not
receiving carbon dioxide were operated from April through
September l8, 1970. After the latter date, the unit not
receiving iron was used in a temperature study. In this unit,
the addition of iron consistently improved the total nitrogen
assimilation by approximately 3 to 5 mg/l. Apparently,
carbon dioxide addition not only made up for the carbon
deficiency but, by lowering the pH level, also increased the
solubility of iron and possibly other nutrients in the tile
drainage.

In the Phase I investigation, iron had been added to the test
units at concentrations ranging from 3.0 to 6.0 mg/1 FeCl3
as Fe. During the four to six weeks duration of these
studies, upwards of 30 mg/l iron were found to accumulate in
the test units in a nonfilterable form. Iron in solution was
usually at concentrations less than 0.1 mg/l, the lower limit
of detection with the method used.

Because nonsoluble iron has been reported to be assimilable
by algae, the iron concentration in the Phase II investiga-
tion was decreased from 3.0 mg/l to 1.0 mg/l or less on the
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assumptions that iron accumulated in the unit and that it
would be sufficient for the algal growth necessary for
maximum nitrogen assimilation. As with the phosphorus
addition, iron was added to individual miniponds rather
than to the storage pond.

Figures 36 and 37 illustrate the effect of adding iron and
phosphorus to the 1,000-gallon test units during 1970.
The data in Figure 36 are from ponds with the CO2 addition
and show that phosphorus was necessary for maximum nitrogen
assimilation but that iron (0.5 to 1 mg/l addition) had
no beneficial effect -- perhaps because the CO2 increased
the availability of iron in the influent. In those ponds
not receiving C02j shown in Figure 37^ iron did appear to
be a necessary addition. Phosphorus was added to both
units from which the data in Figure 37 were obtained.

The data plotted in Figure 38 show the changes in the
Influent and the average effluent orthophosphate concentra-
tions characteristic of all of the miniponds receiving
phosphorus. They also indicate phosphate concentration of
the effluent from the unit which did not receive phosphate.
From these data, it was concluded that 80 to 90 percent
of the influent phosphate either was assimilated by the
algae or was precipitated out of solution. In addition,
the figure shows the average phosphate concentration in
the cultures in all of the test units as well as the
Influent nitrogen and phosphate concentration. Apparently,
as the concentration of Influent nitrogen decreased, excess
phosphate, that is, that not assimilated or precipitated,
went into solution.

During the month of July, most miniponds were emptied,
repaired, cleaned, and restarted with a common inoculum
from the 1A -acre demonstration unit. Several months
later, samples of sludge from all the units were analyzed
for organic and inorganic constituents. The results of
these analyses are plotted in Figure 39 and listed in
Table 3. They indicate that, even during mixing, up to
99 percent of the total solids in the units were present
as a sludge on the bottom of the unit in the form of:
(1) carbonates, (2) phosphates, (3) iron, and (^) algal
material. Further calculations indicated that much of
the iron, phosphate, and carbon added during the two-to-
three -month period could be accounted for in the sludge.
This precipitation occurred to a larger extent than in
the Phase I studies and was probably accumulative through-
out the period.
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Unit
No.

TABLE 3

PERCENT OF TOTAL POND MATERIALS FOUND
IN POND SLUDGE—DURING MIXING

Filterable
Solids

CaC03 Total P Ortho-P Fe

1
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FIGURE 40-IRON AND PHOSPHORUS SOLUBILITY
AT DIFFERENT pH VALUES

In Table 4 are listed the average phosphorus changes in the
effluent from the various units during 1970. The data In-
dicate that: (1) mixing tends to precipitate phosphate,
(2) the continual removal of sludge decreases the soluble
phosphate, and (3) phosphate loss Is related to unit loading
and carbon availability. These conclusions agree with the
changes predicted for phosphate and Iron solubility as shown
In Figures 32, 33, and 3^, specifically that, at high pH
levels and with the culture In an aerobic condition, phosphate
and Iron will be In an Insoluble foi*m. The data led to the
conclusion that the actual availability of these nutrients
In the nonsoluble form was quite limited, and, hence, the
requirements of these nutrients must be quite low because the
nitrogen assimilation did not appear to be adversely affected.

In the last few months of Phase II, Iron was added directly
to the blomass control settling tanks of the 1/4-acre demon-
stration unit and to several rolnlponds, although phosphate
was still added to the demonstration unit directly. This was
done to decrease the precipitation of phosphorus and Iron.
Analysis of data from the units Indicated that: (1) Iron was
being picked up by the algae as they passed through the
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TABLE 4

AVERAGE DISSOLVED EFFLUENT PHOSPHATE IN
MINIPOND DURING 1970

Unit



Effect of Sludge Accumulation and Decomposition
on Nitrogen Assimilation

Although not normally considered a growth regulatory factor,
sludge accumulation (algae, detritus, and inorganic nutrient
precipitates) can affect the nitrogen removal efficiency of
algal wastewater treatment systems in a number of ways.
According to Foree (29)^ the nature of the factors on which
the coefficients a, b, c, d and e in Equation [1] are based
determines the chemical composition of the algal matter syn-
thesized, and varies according to the species and age of the
algae, temperature, available nutrients, and other related
factors. Jewell and McCarty (20) and Foree and McCarty (30),
studying both the aerobic and anaerobic decomposition of algae,
found that a large fraction of the initial particulate nitro-
gen and phosphorus was not regenerated (40 to 6o percent) but
remained in the undecomposed (refractory) particulate
material after active decomposition and regeneration appeared
complete. Conversely, Golterman (26) reported that nitrogen
is rapidly re -mineralized after the death of algae and, in
the shallow waters of lakes, algae would probably be broken
down before they reached the mud.

Regardless of the extent of decomposition, the nutrients
released from algal decomposition have been found to be an
excellent source of nitrogen and other nutrients for algal
growth (31). As shown by the diagram in Figure 1, the only
nitrogen form directly resulting from the decomposition of
algal sludge is ammonia (21, 64). Ammonia, in turn, is
readily utilized by the actively growing algae in preference
to other forms of inorganic nitrogen, such as nitrate or
nitrite (19, 23, 28, 34, 35). In the course of time, under
aerobic conditions, ammonia is oxidized back to nitrate by
nitrifying bacteria. Hence, through algal accumulation and
decomposition, a variable amount of nitrogen will be recycled
In the system. Most likely, the extent of the sludge nutrient
recycle (decomposition) is a function of the degree of sludge
accumulation and temperature (30).

A test performed in January 1971, in which l6 mg/1 of ammonia
was added to a minipond unit which had been removing a fairly
constant level of nitrogen, indicated that ammonia was assimi-
lated preferentially to nitrate. The data plotted in Figure
4l show that the ammonia concentration in the effluent
decreased faster than was predicted by dilution alone. The
observed difference was assumed to be caused by the preferen-
tial uptake of the ammonia-nitrogen by the algae, although
nitrification could have been partially responsible. It is
postulated that if this fact were not recognized, for example,
during periods of elevated decomposition, the assumption
could be made that the algae were assimilating less nitrogen
than the unit influent and effluent level would indicate.
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while in actuality they might have been utilizing more thsm
the influent level. Accordingly, it would seem that if the
system were not mixed (anaerobic), denitrification rather
than nitrification would take place, which might benefit
total nitrogen removal. Although this test was performed
only one time during the winter at low growth rate levels,
what happened in the test appears to be a reasonable
explanation of what probably occurred during certain times
of the year in the test units.

Assimilation of ammonia by algae in preference to nitrate
is the result of the fact that a lesser amount of energy is
required for assimilating ammonia, and that ammonia can re-
press both the nitrate uptake mechanism and nitrate reductase
formation in the nitrogen-reducing reaction (3^). Further-
more, the rate of ammonia assimilation is much more rapid
than that of nitrate assimilation or that of the subsequent
conversion of nitrogen to protein (35) . Thus, the accumula-
tion and subsequent decomposition of algal sludge can affect
nitrate uptake.

Another beneficial effect of algal sludge decomposition re-
ported by Provasoli and Pinter (42 ) to take place in nonmixed
algal systems is the release of organic acids (especially
amino acids) which can act as trace-element chelators;
however, no attempt was made to determine whether this
phenomenon had any effect on the lAWTC system.
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The various effects of aerobic or anaerobic conditions
(mixing or nonmixing) on inorganic nutrient solubility in
the sludge were described in the discussion on iron and phos-
phate. A further detrimental effect of mixing is that the
suspension of accumulated inorganic precipitates and of non-
photosynthesizing algae will reduce light penetration into
the culture, to the extent that algal metabolic activity is

greatly retarded (31). Because of this decrease in available
light, Oswald and Golueke, working with facultative sewage
ponds, recommended that any mixing essential to the disruption
of any anaerobic layers that might form be carried out only
for 2 to 4 hours at night. Stumm and Leckie (22) also found
that disturbing the sediments can reduce the nutrient -binding
effect, expose large levels of nutrients to the water (ex-
cesses of some nutrients are toxic), and, most importantly,
reduce the buffering capacity of the sediments. Thus,
mixing must be carried out judiciously.

Effect of Water Quality on Nitrogen Assimilation

The trace elements (micronutrients) considered necessary for
sustained algal growth were listed in a previous section.
Their solubility as well as availability to algae are basic-
ally similar to those described previously for iron and
phosphorus. The amount of a specific trace element required
varies greatly according to algal species and level of growth
(28). Summarized in Table 5 are the micronutrients normally
required for certain specific algal metabolic activities (^3).

TABLE 5

SUMMARY OF MICRONUTRIENT
TRACE MINERAL REQUIREMENTS*

Process Trace Element Required

Photosynthesis Manganese, iron, chloride, zinc,
vanadium

Nitrogen Fixation Iron, boron, molybdenum,
cobalt

Other Functions Manganese, boron, cobalt,
copper, silicon

Table from Fruh (43).
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As with all algal nutrients, the total concentration of a
particular micronutrient in the growth medium is practically
meaningless, unless it is in a form capable of being assimi-
lated by the algae.

During the course of the Phase I and II investigations,
several micronutrients were evaluated for their potential
effect on nitrate assimilation. These studies were usually
only conducted once, with water of a specific quality. As
indicated in Figure 3^ the quality of the water changed
greatly throughout the year, and, as a result, a variation
in response would be expected at different times of the year.

The micronutrients tested in the light box (at low concentra-
tions) were molybdenum (Mo), vanadium (V), msmganese (Mn),
zinc (Zn), and potassium (K) . Of these micronutrients, man-
ganese and potassium were found to improve assimilation of
nitrate by Scenedesmus quadricauda under the test conditions,
depending upon the level of carbon available (that is,

function of pH level). When K and Mn were added to several
miniponds, no measurable response in nitrogen uptake was
noted. However, these tests were not definitive because, in
conducting them, consideration was not given to the general
constituents of the water or to the specific growth rate of
the algae which can affect the nutrient requirements. In
the light box studies, there was little response in improved
nitrogen uptake with Mo, V, or Zn addition^ however, Zn was
found to appreciably increase the ability of the algae to
remain in suspension. Although these tests were very limited
and inconclusive, it is suggested that in any future work a
continuous nutrient check of the plant influent be made to
maintain a growth medium that will support extensive algal
growth and nitrogen assimilation.

During the course of this investigation, several light box
tests were conducted to determine if there would be any
differences in biological response to water from different
tile drainage systems in the Saji Joaquin Valley. In each of
these studies, the nitrogen, phosphorus, carbon, and iron
concentrations were brought to identical levels, and the
algae were cultured under similar light and temperature
conditions at the same low level (2,000 cells per ml) of
algal inoculum, Scenedesmus quadricauda . In other words,
all major growth factors were presumably equal. Therefore,
any difference in nitrogen assimilation was assumed to be
the result of some factor or factors other than those
named in this paragraph.

In the tests, the rate and amount of algal nitrogen assimi-
lation were usually noted to vary significantly according
to the tile drainage used in the medium. For example, in
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the last run of the series, tile drainage was collected
from 12 different areas In the San Joaquin Valley. Special
care was taken to assure that the tile drainage came from
fields with different agricultural crops and varying soil
composition. The tile drainages were then spiked with
nitrate-nitrogen to 50 mg/l, the level of the highest
drainage collected, and varying concentrations of phosphorus,
iron, and carbon were added to the flasks. Comparison of
nitrogen assimilation by Scenedesmus quadricauda over a
three-week period showed that there was a significant varia-
tion between the different tile drainages. Algae that were
cultured in sump B tile drainage (see Figure ^2) assimilated
50 mg/l NO3-N in about 10 days, while at the other extreme
algae grown in sump A tile drainage had only assimilated
25 mg/l NO3-N in 25 days. The lAWTC tile drainage, sump I,

along with the other nine tile drainages (which are not
included in Figure ^2), were intermediate in level and time
necessary for complete nitrate assimilation.

SUMP A

10 20

TIME IN DAYS

FIGURE 42- NITROGEN ASSIMILATION
IN TILE DRAINAGE FROM THREE SUMPS
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ty constituents (TDS,
alkalinity, trace elements, etc.) Indicated that the only
apparent major difference between tile drainage in which
nitrogen removal was greatest and that in which it was least
was the level of molybdenum. The concentration of molyb-
denum in the former was 3^ parts per trillion (ppt) and
that in the latter was 9 ppt. However, in view of the fact
that some precipitation of nutrients may have taken place,
these values do not necessarily represent the concentration
of molybdenum actually available to the algae.

On the basis of this study. It was concluded that the
combined San Joaquin Valley drainage would largely buffer
the effect of changes in water quality often noted at the
lAWTC, and that the chance of any minor nutrients limiting
growth and nitrogen assimilation would be slight.

To determine the effect of water quality changes on nitrogen
assimilation during Phases I and II, filtered samples of the
influent and growth unit effluent were analyzed for trace
elements each time the storage pond was filled during most
of 1970. The results of the analysis of the concentrations
of trace elements in filtered and unfiltered samples are
listed in Table 6.

Of the 17 trace elements monitored in 1970, Al, Cd, Cr, Co,
Cu, Fe, Pb, Mn, Mo, Ni, V, and Zn fluctuated during the
year. The concentrations of Be, Bi, Ga, Ge, and Ti remained
below analytical detection levels. However, changes in
algal response after filling of the storage pond could not
be related to the fluctuations. Figure ^3 illustrates the
effect of filtering (0.^5m. membrane filters) on the concen-
tration of six trace elements in influent and 1A -acre
demonstration unit water. These samples were collected and
filtered on October 27, 1970. The bar graphs show that in
most instances there were higher concentrations of the
elements in the pond than in the influent, perhaps because
of concentration by the algal cells. Except for aluminum
in the influent and molybdenum in both influent and pond
samples, there was little difference between the concentra-
tion in the filtered and unfiltered samples. The lack of
difference is rather surprising because the unfiltered
samples included algal cells and precipitates and presumably
more of the trace minerals. The form in which many of the
trace nutrients are available to algal cells, either
dissolved or particulate, is not completely known, thus,
future studies should consider running analyses on both the
total sample and the filtrate.
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Another aspect of the relation between change in water
quality and nitrate assimilation was the accumulation of TDS,
resulting from evaporation from the test units. An examina-
tion of the yearly average percent Increase In the TDS In
the growth units shows that accumulation of TDS was a
function of flow and evaporation. There was a minimum of
8 percent Increase In TDS and a maximum of 31 percent
(shallow units with long detention times). Average
Increases appear to have ranged between 15 and 20 percent.
There was a net TDS accumulation In all units, but there was
no obvious effect on algal growth response.

Effect of Soil on Nitrogen Assimilation

Several other studies considered pertinent to the Phase II
Investigation were carried out by means of flask bloassays.
They were designed to determine whether or not the presence
or absence of soil had any Influence on nitrate assimilation.
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In Phase I, results of tests with several of the miniponds
demonstrated that soil might be a significant factor. These
bioassays, although not conclusive, did indicate that the
presence of soil could be beneficial to nitrate assimilation.
Soil was thought to: (1) help buffer the system, (2) pro-
vide chelating compounds, (3) provide micronutrients, and/or
(4) help reduce nitrogen through bacterial denitrification.

Two miniponds containing soil were operated continuously
during Phases I and II. The performance of the units was
described in detail in the Phase I report. Figure 44 shows
changes in the total influent and effluent nitrogen in the
two units during 1970. From January through August, the
algae in the units were assimilating 50 to 90 percent of
the influent nitrogen, although some factor appeared to be
limiting the system. There was little difference in
nitrogen assimilation between the units, although they were
operated at different nitrogen loadings. After September,
a reduction took place in nitrogen removal. The reduction
was attributed to detention times too short for the avail-
able light conditions.

A DETENTION TIME CHANGE

y \ .••^v.SHORT DETENTION-|j ;A In/ ^'v ''V, z^'*'

.

4--A- A A-^ r
M J J A SO

MONTH
1970

FIGURE 44-EFFLUENT NITROGEN LEVEL IN SOIL UNITS
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A comparison of the performance of the units containing
soil with that of units that were not mixed and contained
no soil Indicated that there was essentially no difference
in performance between the two systems. Consequently, It
was concluded that the accumulation of organic material,
and not soil specifically, was responsible for the
maintenance of nitrogen assimilation efficiencies in the
units. As will be shown later, the algae grown in the two
sets of units contained twice the amount of nitrogen found
in the cells of algae cultured in the units that were mixed.

Special studies were conducted in the summer and in the fall
of 1970. Four 10-inch diameter glass cylinders (two opaque
and two clear) were placed in a growth unit containing soil
which had been enriched with nitrate, phosphate, and iron.
The soil was removed from one opaque and one clear cylinder,
and the nitrate-nitrogen level was adjusted to 20 milligrams
per liter in each cylinder. The result of the summer and
fall studies are shown in Tables 7a and 7b.

TABLE 7a

NITRATE IN THE WATER OF OPAQUE
AND CLEAR CYLINDERS (SUMMER TEST)
(expressed as nitrogen, in mg/l)



TABLE 7b

NITRATE IN THE WATER OF OPAQUE
AND CLEAR CYLINDERS (FALL TEST)
(expressed as nitrogen, in mg/l)



Effect of Blomass ReRulation
on Nitrogen Assimilation

The regulation of blomass during certain times of the year
was found to be an Important factor In Phase I. During
Phase II, however, blomass regulation Improved nitrogen
assimilation only slightly, as Indicated In Figure 45. This
negligible effect of blomass regulation ma^ have been due
to the method of nutrient addition which caused the removal
of more algae than Inorganic sludge In the blomass
regulation system. This assumption is borne out by the
fact that when at the end of Phase II, iron was added by
way of the blomass regulatory chamber instead of directly
to the cultures, total nitrogen assimilation improved over
the control unit.

30i DETENTION TIME
CHANGE

5BI0MASS CONTROL -NO IRON

* -- A /tBIOMASS CONTROL WITH

".JP NUTRIENT IRON ADDITION

FIGURE 45-EFFECT OF BIOMASS CONTROL ON NITROGEN ASSIMILATION
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Algal Species and Predation

The predominant algal species used in the Phase I investiga-
tion was the green alga, Scenedesmus quadricauda . Prelimi-
nary studies with this organism had indicated that it would
grow in tile drainage, and in fact, it was often detected
in the local water (though in small numbers). A ready
supply of fairly large quantities of Scenedesmus was avail-
able from the University of California's Richmond Field
Station. This particular genus also had other features
that made it desirable as a test organism in tile drainage.
It has been studied extensively and a large amount of
information is available on its growth, nutrient require-
ments, separation properties, and potential use as a by-
product. Specifically, it is one of the few algae whose
nitrogen requirements have been studied. Scenedesmus
quadricauda is known to use nitrate-nitrogen, the predomi-
nant form in tile drainage, as well as other nitrogen forms.

In addition, Scenedesmus has a high specific growth rate and
has been reported to use bicarbonate (the predominant form
of carbon in tile drainage), an ability not characteristic
of all algae.

During the Phase I study, 33 different species of planktonic
algae, considered capable of rapid growth, were evaluated on
the basis of their efficiency in assimilating nitrate and
the level of biomass obtainable in lAWTC tile drainage with
and without phosphorus or phosphorus and iron addition.
The rate of nitrate assimilation of each species was then
compared to that of Scenedesmus quadricauda cultured in the

growth units. In all cases, little growth took place with-
out phosphorus addition. Furthermore, the six species
demonstrating the best nitrogen assimilation and growth all
did significantly better with the addition of phosphorus and
iron, as compared to phosphorus addition only.

It was concluded from these studies that probably a number
of algae can be utilized effectively in the algal process
by simply adjusting the specific nutrient composition of

the growth medium. The problem, therefore, becomes a matter
of selecting a species that will assimilate the maximum
amount of nitrate in the shortest period of time and with a

minimum of nutrient alteration. In this particular case,
there was no apparent advantage in using a species other
than Scenedesmus and this aspect of the investigation was not
pursued any further.

During the first six months of 1970, Scenedesmus was the pre-
dominant species in the miniponds, as indicated in Table 8.
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On the other hand, during the same period, motile algae such
as Carteria , Phacus , or Heteromastlx were commonly encount-
ered in the cultures not mixed. By mid-July and through the
remainder of the year, a change was noted in algal species
in the mixed units from predominguitly Scenedesmus to a
mixture of Scenedesmus , diatoms, Oscillatoria , and/or motile
algae

.

Since the species' changes in the mixed cultures were not
observed until the units had been operated for some time, it
was suspected that the sludge accumulation and probable
decomposition had effected a change in general water quality
and nitrogen forms.

As discussed in the Phase I report, usually some algal pred-
ators were present in most of the units, although usually in
densities less than 500 per liter. It was generally observed
over the three-year investigation that these numbers increased
only after the unit had begun to fail for some reason. This
suggests that the decomposition of algal material after pond
failure releases cellular constituents which in turn stimu-
lates predator reproduction.

Cellular Nitrogen

As nitrogen deficiency develops, the nitrogen content of
Scenedesmus cells may decline from an original of 8 - 10
percent (dry weight) to as low as 2 percent (28). This
decrease in nitrogen content is paralleled by a drop in
chlorophyll (28). Syrett (35) > working with nitrogen-
starved cells of Chlorella vulgaris , found that (1) the
addition of nitrogen resulted In marked changes in the
respiration rate, (2) when both nitrate and ammonia-nitrogen
were added to the medium, ammonia was assimilated four to
five times faster than nitrate, and (3) assimilation of
ammonia-nitrogen ceased when the available cellular carbo-
hydrates were exhausted.

Richardson et al (70) found that with successive reductions
in the influenT~nitrogen the percent cellular nitrogen
dropped from 10 to ^ percent, while oxygen evolution,
carbon dioxide uptake, chlorophyll content and tissue pro-
duction were drastically reduced. They also found that the
percent cellular nitrogen must drop to approximately 3
percent of the dry weight before an increase in lipid syn-
thesis cem occur. They concluded that all the nitrogen was
bound in the essential cell constituents, and that the car-
bon fixed in photosynthesis was converted to lipids.
Krauss (33) and others reported that when the ratio of car-
bon to nitrogen is low, nitrite or ammonia may be released
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into the medium. Conversely, at high nutrient carbon-to-
nltrogen ratios, large amounts of intracellular carbon
accumulate as carbohydrates or lipids (28, 29, 33).

The percent cellular nitrogen was found to be a good indica-
tor of the nutrient balance in our system. The data plotted
in Table 9 represent the average percent cellular nitrogen
in algal cells grown under different operating conditions
during 1970 at the lAWTC.

TABLE 9

AVERAGE PERCENT ALGAL CELLULAR NITROGEN FOUND
UNDER DIFFERENT GROWTH CONDITIONS IN 1970

Percent
NitrogenUnit

Percent
Nitrogen Unit

Phosphate added



rather than being anaerobic, it contained dissolved oxygen
at concentrations of 5 tng/l or more. A preliminary estimate
of the cost of treatment in these units ("symbiotic process")
showed that it could be as little as one-third the cost of
the treatment processes described in Phase I. This low
estimate prompted the proposal of a research investigation
to define the mechanisms and costs involved.

Several studies were conducted which involved the use of the
light box during Phases I and II to determine whether sus-
tained low levels of nitrogen would be detrimental to the
algae. An example of the typical algal response obtained in
these studies is indicated by the series of curves in
Figure 46. Normally, in these studies, the algae were
cultured in tile drainage supplemented with phosphorus,
carbon, and iron. The nitrate level in the growth medium
was monitored and allowed to remain at zero concentration
for varying lengths of time, after which the cultured niedium
was re-spiked with nitrate, phosphorus, and iron. As can be
seen from the curves In Figure ^6, the uptake of nitrogen by
the algae was usually immediate even after five days, with
2^-hour light, in a nitrogen-deficient medium. However,
these tests do not necessarily represent what happened in
the large test units, where, for example, many nutrients may
be precipitated and settle out of the algal growth zone.

o NITROGEN RESPIKE
® ®

1 ' r
10 20
TIME DAYS

1

30

FIGURE 46-EFFECT OF A NITROGEN-DEFICIENT MEDIUM
ON ALGAL NITRATE ASSIMILATION
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Effluent Soluble Organic Nitrogen

The average differences in soluble effluent organic nitrogen
during 1970 under various growth conditions are listed in

Table 10.

TABLE 10

AVERAGE EFFLUENT CONCENTRATION OF
ORGANIC NITROGEN IN VARIOUS TEST UNITS

DURING 1970

Type of Unit



Operational Problems

During the month of May and again during July 1970 there was
a period In which the nitrogen concentration of the effluent
from the units Increased as much as 10 mg/1 In a few days.
In July many of the cultures turned from a lush green to a
dark brown color. The change In appearance was accompanied
by a succession of algal species from Scenedesmus to diatoms
and filamentous blue-green algae such as Osclllatorla . The
Increase In nitrogen content of the effluent In July occurred
Immediately after the ponds had been accidentally dosed with
the herbicide propanll carried by wind drift from an adjacent
field during a crop dusting operation. The herbicide was
actually observed entering the test units. Not only was the
herbicide actually seen, but also the weeds at the test site
area exhibited the typical response to herbicides. However,
a number of laboratory studies, as well as pesticide analyses
conducted shortly after this occurrence. Indicated that the
pesticide was not responsible for the change in response, but
that the occurrence was simply coincidental. Further tests
indicated that neither light, temperature, change in deten-
tion time, water quality, nor the addition of carbon dioxide
could have been responsible for the apparent failure.

In retrospect, spring characteristically was a period in
which algal growth rates were at their maximum. The high
algal growth rates led to high pH levels and dissolved oxygen
concentrations which in turn were characterized by the accu-
mulation of considerable amounts of organic and inorganic
sludge in the test units. Furthermore, temperatures are at
a maximum during the spring, with water temperatures often
reaching 30°C. Since the rate of algal decomposition in-
creases rapidly at high temperatures, the increase in algal
nutrient regeneration could have accounted for the change
in color as well as the Increase in effluent nitrogen. To
support these conjectures is the fact that the Scenedesmus
cells were observed entering a eoospore stage, a stage
normally associated with "shock" changes in the environment.
In addition, the units left operating returned to their pre-
vious effluent nitrogen levels in from 2 to 15 days, also
indicating an adjustment to a shock in the system. Most
Importantly, a comparison of the change in influent and ef-
fluent nitrogen in all the units during 1970 indicates that
this increase in effluent nitrogen often coincided with an
increase in the Influent nitrogen or an Increase in nitrogen
loading as a result of detention time changes.

Pesticide Analysis

During 1970 when the storage pond was filled with tile drain-
age, samples were taken from the tile drainage sump, the
storage pond and either the 1/4-acre demonstration pond or

84



one of the miniponds and were forwarded to the Department
of Water Resources water quality laboratory at Bryte,
California, for pesticide analysis. The tile drainage was
analyzed directly. Samples of algae from the test units
were concentrated to an 85 - 90 percent cake and/or were
oven dried before being analyzed for pesticide content.
The results of these analyses are presented in Table 11.

TABLE 11

PESTICIDE ANALYSIS
1970

pesticide - parte per trillion (ppt)

Date Sample DOT Dleldrln BHC ,
DCPA

,

Dacthal
Parathlon

Influent
3/70 Test Unit

10

Algae



Because the pesticide level tended to be low in the lAWTC
tile drainage while that of the harvested algae at times
was higher, the algae apparently did concentrate some of
the pesticides, such as DDT. However, in several instances,
the amount of pesticide in the algae concentrate was less
than that in the influent water. It is possible that the
high temperatures (20 to 30°C) and the high pH levels (8 to
11) in the mixed cultures may have been conducive to the
degradation or volatilization of the pesticides. It is
also possible that the efficiency of extracting pesticides
from algal cells was low and that the analytical results
do not reflect actual concentrations in the algae.

Evaporation During 1970

As previously described in the section on methods, a weather
station was located at the lAWTC site to monitor climatic
variations during 1970. Annual fluctuations in light and
water characteristics were discussed previously. The net
water loss by evaporation, which is evaporation minus
precipitation, is shown for each month in Figure 47. As
that figure indicates, the net loss of water by evaporation
amounted to a significant total.

Data on net evaporation were not used in the interpretation,
in the evaluation of nitrogen assimilation efficiencies, or
In the Phase I estimates of the cost of treatment by the
algal nitrogen removal process.

Diurnal Studies

Several diurnal studies were conducted during Phases I and
II in which measurements were made of temperature, volatile
solids, nitrate, pH, alkalinity, cell counts, dissolved
oxygen (DO), and light penetration into the growth medium.
As might be expected, some of these parameters varied as a
function of the mixing regime. Variation in amounts of
solids in suspension as measured by volatile solids, cell
counts and packed cell volume, and in depth of light
penetration varied with the mixing regimes of the different
ponds. In those ponds with twice daily mixing, biomass in
suspension peaked during the mixing period and decreased to
a rather constant low level during the hours of darkness.
Nonmixed ponds had little diurnal variation in effluent
suspended solids. Cell counts at various depths in the
same culture did indicate that some photo trophism occurred.
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FIGURE 47- EVAPORATION MINUS PRECIPITATION -lAWTC ,1970

Diurnal cnanges in carbon utilization (plotted as changes in
alkalinity bicarbonate in Figure 27) ^ in pH level, and in
dissolved oxygen fluctuated with light intensity. Peak
photosynthetic activity measured as high pH, high DCs, and
low bicarbonate levels usually occurred from 2 to 4 p.m.
The magnitude of these various parameters varied with the
time of year and was a function of total light availability.

Determination of soluble orthophosphate during one diurnal
study showed that as the pH increased, the concentration of
orthophosphate decreased, probably because of precipitation.
The relation between soluble phosphate and pH was plotted
in Figure 32

.

Another chemical constituent that was found to change over
relatively short intervals of time was total alkalinity.
The change should not have taken place when the influent
concentration remained constant. Analysis of the total
alkalinity in a completely mixed culture showed that the
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diurnal shift in alkalinity probably resulted from the
precipitation and redissolving of calcium carbonate as a
function of the change in pH concurrent with carbon dioxide
addition. The amount of sludge buildup is indicated by the
data for percentage of solids in the form of sludge in the
units listed in Table 3. The breakdown of the data in
Table 3 shows that the sludge was composed of carbonates,
phosphates, iron, decomposing algae, and other substances.
Because of this conglomeration, samples to be analyzed for
alkalinity had to be filtered to arrive at the true concen-
tration of bicarbonate available to the algae. Without
filtration, the addition of sulfuric acid used in titration
caused the precipitates to redissolve and, as a result,
total alkallnlties were not indicative of the actual carbon
available to the algae.

As discussed in the Phase L report, several attempts were
made to measure the diurnal changes of nitrate-nitrogen
within the test units. The particular Interest in this
parameter relates to the method of influent injection (24
hours per day) and the time of daily sampling (8 a.m.).

Because algal systems are photosynthetic, most of the active
nutrient uptake and assimilation in theory should take place
during the daylight hours; and, therefore, the amount of
nutrients in the medium should be at their lowest shortly
after sunset. However, on two occasions, samples taken at
various times through a 36 -hour period did not show any
measurable diurnal fluctuation in effluent nitrogen
concentration. Perhaps the detention times being applied
when these tests were made were sufficiently long to mask
any fluctuations in nitrogen.

Operation Criteria — 1970

Early in the Phase II studies, specific constant operational
criteria were selected for the individual growth units
(depth, nutrient addition, mixing, etc.). Only detention
times were scheduled to be changed during the year. Only
those factors shown to be important to maximum nitrogen
assimilation in Phase I were included in the experiment
design. The proposed operating schedule had to be inter-
rupted in July 1970, when the algae in most of the outdoor
units died. The miniponds with dead cultures were drained,
cleaned, filled, and then inoculated with algae from
those ponds still containing viable algal cells.

The effect of nutrient additions and mixing on maximum
nitrogen removal is shown in Table 12. In general, the
data show that additional phosphorus was required year-round,
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and that additional carbon was also required except during
the months of July, August and September. The inorganic
carbon requirement was apparently satisfied by either carbon
dioxide or bicarbonate, although the use of bicarbonate
caused a cheuige in dominant algal species from those cultures
receiving carbon dioxide. The effect of additional iron on
maximum nitrogen removal was dependent on carbon addition.
When carbon dioxide was added to the growth units, iron did
not increase nitrogen removal, but was necessary when carbon
was not added. Mixing (four hours per day, either daylight
or night) was never necessary for maximum removal during the
1970 operational studies.

TABLE 12

EFFECT OF NUTRIENT ADDITION
AND MIXING ON NITROGEN REMOVAL

1970 STUDIES

s:



of January, February and March were probably caused by a
combination of factors including operational problems
associated with a change of study personnel and low available
light. Based on data from November and December, effluent
nitrogen levels should have been on the order of 3 to 5 mg/1.
Beginning in May, the effluent soluble nitrogen was consist-
ently in the 2 to 4 mg/1 range. In addition to the soluble
portion, about 1 to 2 mg/l of particulate nitrogen (algal
cells) would remain in the effluent from the harvesting
processes

.

THEORETICAL HYDRAULIC DETENTION TIMES

1.

I
n I Em

INFLUENT

12 INCH DEPTH

e INCH DEPTH

FIGURE 48 - EIGHT AND TWELVE INCH TEST UNITS WITH LOWEST EFFUENT NITROGEN CONCENTRATION
DURING 1970

The detention times required for maximum nitrogen assimila-
tion were on the same order as found in Phase I, that is,
five days in the summer, and a maximum of about sixteen days
during the winter months.

During most of the year, the 8- and 12 -inch depth units
produced comparable levels of effluent nitrogen, although
from June through December, the effluent nitrogen concentra-
tions from the o-lnch units were always equal to or slightly
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lower than those from the 12-inch units. From January

through May, the deeper units consistently produced an

effluent containing less nitrogen than the units operated

at 8-lnch culture depth. These results are apparently

anomalous because any light inhibition of algae in the

shallow units should have occurred during the period of

maximum available light energy from June through July.

The 1970 results differ from those of the 1969 studies when

the shallow ponds had lower effluent nitrogen during the

entire year, and especially during the winter months.

In addition to looking at effluent nitrogen levels, the

factor determining the effectiveness of the removal systems

studied at the lAWTC, the amount of nitrogen removed per

unit of surface loading may be important in some applica-

tions of the algal process. The average number of grams

of nitrogen removed per day per unit are tabulated in

Table 13 (all units had equal surface areas). The data

from this table have been plotted in Figure ^9 and indicate

that nitrogen removal per unit of surface area was greater

at short detention times and the deeper culture depths.

TABLE 13

AVERAGE TOTAL SOLUBLE NITROGEN REMOVED
1970

(langlSs/day) 100-^0°

Jan.) Feb^
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May
I
June

I
July

600-400 400-100

MONTH Mar .
I
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I
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MINIPOND (MEAN DETENTION TIME)

8" DEPTH

12" DEPTH
16" DEPTH

^ • APPROX AVERAGE 16

\
\
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FIGURE 49-AVERAGE SOLUBLE NITROGEN REMOVED DURING 1970 AS RELATED TO
DETENTION TIME AND DEPTH

The monthly changes in total nitrogen removal (gm/day/unit)
at the three culture depths -- 8, 12 and l6 inches -- are
plotted in Figure 50 and again illustrate that more nitrogen
is removed per unit surface area in the deep ponds than in
the shallow units, especially during the months with maximum
available light energy. The practical implications of the
greater removal efficiency (in terms of quantity removed
per unit loading) in the deeper units can possibly be
realized in a two-step nitrogen removal system. The first
step involves the use of relatively deep (l6 to 2^ inches)
ponds operated at detention times of 2 to 5 days. The
effluent from these units could then be conveyed to
shallower algal ponds for any necessary final polishing.

Using the data from Figure 50, it is possible to estimate
the number of acres required to remove specified nitrate
levels from agricultural tile drainage. Figure 51 shows
such an estimate based on available light in the San Joaquin
Valley, and a drainage flow of 300 cubic feet per second,
the predicted peak flow for the San Luis Drain. For these
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FIGURE 50-AVERAGE SOLUBLE NITROGEN REMOVAL AT VARIOUS DEPTHS
IN INTERMEDIATE DETENTION TIME UNITS
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conditions an estimated 8,000 acres of 12-inch deep ponds
would be required to reduce 30 mg/l of nitrate-nitrogen to
2 to ^ mg/l soluble nitrogen. The same estimate made for
August conditions. Figure 52, shows that only 6,500 acres of
12-inch deep ponds would be necessary to achieve the same
level of nitrogen removal.
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FIGURE 51 -PROJECTED ACRES REQUIRED AT
DIFFERENT NITROGEN CONCENTRATION

NECESSARY TO ACHIEVE A 2-4 mq/l EFFLUENT
CONCENTRATION APRIL OPERATING CONDITIONS
AND A FLOW OF 300 cf»
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FIGURE 52 -PROJECTED ACRES REQUIRED AT
DIFFERENT NITROGEN CONCENTRATION

NECESSARY TO ACHIEVE A 2-4 mg/l EFFLUENT
CONCENTRATION- AUGUST OPERATING CONDITIONS
AND A FLOW OF 300 cf»
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CHAPTER IV

ALGAL HARVESTING AND DISPOSAL

Algal Harvesting

During Phase I, many physical and chemical algae separation
processes were screened and evaluated for their potential
use In the algal nitrogen removal process. The chemical-
flocculatlon-sedlmentatlon method, along with several other
promising processes, was selected for testing in the Phase II
studies. The Phase II algae harvesting studies were designed
to determine whether the operating requirements and efficien-
cies of the chemical-flocculation-sedimentation process
varied seasonally during long-term operation and to further
evaluate other selected separation processes.

As described in the Phase I report, algal harvesting was
conducted in three stages based upon the percent algae
(solids) obtained. The first stage, concentration, involved
chemically or mechanically separating 90 percent of the
algae from the growth medium and concentrating them to 1 to
h percent solids. This was followed by a second stage,
dewatering, which increased the slurry concentration to 8
to 20 percent solids. The dewatered algal mass was then
dried in the final stage to 85 to 92 percent solids by
weight. In this final stage, the dried algal product can
be stored without decomposition (31).

As applied to the algal nitrogen removal process, the
effluent from only the first stage of harvesting must be
free of algae, because this is the effluent that will be
discharged to the environment. If there were significant
amounts of algae in the effluent from the second and third
stages of harvesting, this effluent would then be recycled
through the separation system.

During the Phase I studies, algal concentration was accom-
plished either by the coagulation-flocculatlon-sedimentatlon
process or by rapid sand -filtration. The algal slurry was
dewatered with the use either of a vacuum filter or of a
self -cleaning centrifuge. The concentrated algal slurry
was usually dried by air drying. (During the study an algal
sample was successfully spray dried by the De Laval
Separator Company at their spray -drying test facilities.)

Briefly, the processes (described in detail in Phase I) that
proved to be effective were:
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1

.

Shallow Depth Chemical -Flocculent Sedimentation
(Concentration; - From 95 to 97 percent of the algae could
be removed by this process at detention times ranging from
^0 to 65 minutes. The resulting concentrate was slurry
containing 1 to 2 percent algal solids. The amount of
chemical -flocculent (ferric sulfate and/or Cat-Floc) required
to bring about flocculation varied during Phase I. The
variation in requirement was due to changes in algal growth
as a result of operational or seasonal changes.

2. Rapid Sand Filter (Concentration) - This unit was
operated on the basis of a design flow of O.25 gpm per
square foot to produce a 1 to 3 percent solid concentrate
representing 95 percent or greater removal of algae.

3. Vacuum Filter (Pewatering) - Ninety percent of the algae
from the effluent of the concentration process was removed
by the vacuum filter. The resulting concentrate contained
about 20 percent solids.

^. Self-cleaning Centrifuge (Pewatering) - The self-cleaning
centrifuge dewatered the first stage concentrate to produce
a paste having a solids content of about 10 to 12 percent
(95 percent removal).

5. Algae Prying - Both air drying and spray drying proved
to be effective methods of producing a product that could be
stored without danger of deterioration.

The laboratory work, which was described in detail in the
Phase I report, consisted of jar tests to determine the
effectiveness of various mineral coagulants (lime, alum, and
ferric sulfate) and many polyelectrolytes on algal separa-
tion. The theory behind coagulation, flocculation, and the
use of polyelectrolytes was also covered in the report.

In Phase I, the average requirement for 90 percent algal
removal, when ferric chloride had been added as a nutrient
to a culture, was approximately 40 mg/l for lime, 20 mg/l
for alum (aluminum sulfate), and 5 mg/l for ferric sulfate.
In addition, approximately 60 polyelectrolytes were tested,
singly and in conjunction with the three mineral coagulants.
Seventeen of the polyelectrolytes were found to be comparable
economically to the mineral coagulants. The catlonic poly-
electrolyte Calgon's "Cat-Floc" proved to be very effective.
Almost complete removal was accomplished at less than
0.2 mg/l.

Because Phase II was primarily concerned with long-term
operation, laboratory jar tests were routinely run to deter-
mine the seasonal variation of chemical requirements to
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obtain 90 percent removal of the algae. This Included
testing the mineral coagulants and the more promising poly-
electrolytes to determine their economic potential under
continuous operation. All the harvesting methods used in
Phase II were described in detail in the Phase I report.

In addition to the laboratory evaluation of chemicals, the
following separation studies were initiated:

1. Separation of algae by sedimentation in a shallow-depth
sedimentation unit: the unit was operated continuously with
effluent from the lA-acre unit. In this separation unit,
chemical additions were applied as determined by the labora-
tory Jar tests.

2. The effect of slurry depth on air drying: various bed
materials were used in this study.

3. Flotation as a means of algal concentration.

Laboratory-Jar Tests

Polyelectrolytes . Listed in the Phase I report were 17 of
the more promising of the polyelectrolytes tested, their
effective range of concentration, and the mineral coagulants
with which they were used. Because of the net negative
cheirge on algal cells, only cationic polyelectrolytes proved
to be effective flocculents. The polyelectrolytes were
further evaluated in Phase II. In practice, because of the
high costs of polyelectrolytes as compared to that of mineral
coagulants, it would be more economical to simply increase
the mineral coagulant concentration and omit the polyelectro-
lyte. The final evaluation of the polyelectrolyte-mlneral-
coagulant combinations showed their use would be more costly
than with the mineral coagulants alone. However, it is
recommended that future studies on chemical coagulation-
flocculatlon and sedimentation should Include an evaluation
of cationic polyelectrolytes to determine whether the
economics of their use would be competitive with the use of
mineral flocculents under various growth conditions. More-
over, care should be taken as to the type of materials used
as a coagulant with regard to the use the algae may be put

.

For example, Calgon's Cat-Floc is approved by the U.S.
Public Health Service for potable water, but may not
be approved if concentrated in food. The nitrogen contents
of polyacrylamlde and polyamide compounds were found not to
be significant due to the low concentrations used. However,
this could be an important factor in contributing nitrogen
to the effluent if higher concentrations were required.
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Mineral Coagulants . In 1970, routine Jar tests were
performed to determine the variations in optimal chemical
requirements as a function of change in season. Figure 53
shows the average monthly cost (dollars per million gallons)
for separation to 90 percent solids removal and down to
^0 mgA, as determined on the basis of results obtained in
the tests. There were no determinations in July and no
Ho mg/l studies in August. The values obtained for October
are not representative because changes were made in the
nutrient input to the culture. Table 1^ presents the costs
of 90 percent algal solids removal.

vi'

90% SOLIDS REMOVED

-40mg/l EFFLUENT
TOTAL SOLIDS

^ESTIMATED

-

NO [ U
INFORMATION

MONTH
1970

FIGURE 53-CHEMICAL COST REQUIRED FOR ALGAL CONCENTRATION
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TABLE 1^

ESTIMATED AVERAGE CHEMICAL COST PER
MILLION GALLONS SEPARATED (1970)

(JAR TEST DATA)
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(SO4),

FIGURE 54 -CHEMICAL COST TO REMOVE TOTAL SUSPENDED SOLIDS
TO 40mg/l DURING 1970

Although removal did not appear to be related to blomass
concentration, some correlation was noted to degree of
alkalinity. Ferric sulfate concentrations necessatry for
maximum solids removal were found to decrease with decreasing
bicarbonate concentration, as is shown by the curve in
Figure 55^ in which required iron dosage is plotted as a
function of alkalinity.

Operational Studies

Chemical -Flocculent-Sedimentation Unit . The shallow-depth
sedimentation unit was continuously operated with the require-
ments for chemical flocculent additions generally determined
by routine Jar tests. The unit had a volume of about
130 gallons and was operated at theoretical detention times
ranging from about one -half to one hour. In the Jar test,
one hour was the standard settling time. However, since in
the sedimentation unit neither mixing velocity nor duration
of mix could be varied, the actual efficiency of removal
with chemical coagulation-flocculation and sedimentation
achieved in the tests did not meet expectations. The costs
in terms of dollars per million gallons of culture processed
as based on performance of the sedimentation unit are
plotted in Figure 56. The chemical costs alone usually
ranged from one to four dollars per million gallons treated.
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Flotation . To determine the practicability of flotation as
a means of harvesting algae grown In agricultural wastewater,
a flotation device was constructed according to the design
diagrammed In Figure 57. The dispersed air flotation method
was chosen because the mixing cycle of the growth pond
limited the dissolved oxygen content to near saturation,
thus curtailing the effectiveness of the dissolved air
technique. As reported in the Phase I report, the suspended
material in the growth units contained about 50 percent algae
and 50 percent silt and precipitates of calcium, phosphorus,
magnesium and iron. Under appropriate conditions, these
precipitates could act as coagulants, since their specific
gravities are greater than the fluids. The high salinity of
tile drainage also affects the settleability of suspended
materials. In the flotation studies, when the compressed
air was injected at a volume equal to about 25 percent of
the hydraulic flow, the process worked quite well as a mixing
chamber for the coagulation-sedimentation process but did
not work well as a flotation device.

GROWTH POND
EFFLUENT

CLARIFIED

EFFLUENT

FIGURE 57 -SCHEMATIC OF FLOTATION CHAMBER
TESTED AT lAWTC
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From observations made In the study, the flotation-
separation process probably would not be practical unless
the percent of volatile solids could be Increased in the
growth phase of the process.

Air Drying . Costs of drying bed construction, methods of
collecting the dried algae, and the use of the product
determine the type of material to be used in building a
drying bed. One of the procedures tested for processing
algal paste after its concentration and dewatering was air
drying. During Phase II, several studies were conducted to
determine whether sun drying would be economically compara-
ble to other methods -- as, for example, spray drying.
Four types of surfaces -- sand (wet and dry), cloth, black
plastic, and asphalt -- were tested as a substrate on which
to spread the algal paste. The main criterion was the
permissible loading rate of algal slurry per unit surface
area. As is to be expected, increased radiation permitted
greater loadings than did increased initial solids concentra-
tion; that is, more energy input on the one hand, and on the
other, less water to evaporate. A dry sand bed and shallow
slurry depth proved to be a most effective method of drying,
but it resulted in a poorer grade product. Cloth as a
drying surface was the second in terms of efficiency. A
disadvantage in the use of cloth is handling it in a large-
scale operation. Observations made in the tests gave reason
for concluding that an asphalt surface would be the most
practical, since the algal paste could be applied easily and
the dried product could be readily scraped off. Moreover,
the product would be a high grade one.

In terms of permissible loading rate per unit of surface
area (except for the sand bed), maximum efficiencies were
attained when the sludge layer was applied 1.5 Inches deep.
However, the Increase in efficiency was negated somewhat by
the longer time required for the necessairy drying. At the
time of maximum drying efficiency, which corresponds to the
time of heaviest loading as based on the predicted drain
flow, the required slurry depth would be 1.25 inches, and
the drying time would be 3 days. In those operations. In
which preservation of vitamin and high protein quality is
essential, the deeper layer would have to be abandoned in
favor of a layer less than 0.5 inch deep to complete
drying in one day or less

.

Differential Separation of Algae . The data on chemical
costs discussed in the preceding paragraphs were based on
results obtained in the shallow-depth, cheralcal-flocculent-
sedimentation unit normally operated on-line 2^ hours per
day and from processing algae from the 1A -acre demonstration
unit. The influent for the process was pumped from the
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mixing pump sump (Figure 6), an area where large quantities
of inorganic and organic sludge tended to accumulate.
Analyses of the effluent solids from the separation unit
showed that they usually were only about 50-percent volatile.
The nonvolatile portion mainly comprised precipitates of
carbonate, phosphate, and iron.

A 3iOOO-gallon capacity, incidental sedimentation unit was
operated. It was not preceded by a chemical flocculent. It
also was used with the lA-acre demonstration unit and was
used primarily as a biomass regulation tank. The influent
to the tank also came from the sump for the mixing pun^s

.

It was passed through the tank at a rate which resulted in
theoretical detention times of from 2 to 3 hours. The
effluent line on this unit was modified with a U-tube device.
Effluent could be taken from the device at various depths.
The effluent device was installed after the algal portion of
the suspended solids was observed to settle differentially
according to percent volatile solids, presumably because cell
density Increased with age. Depending on the depth from
which the effluent was drawn, up to 90 percent volatile
solids could be returned to the 1A -acre demonstration unit.
The high volatile solids portion was thought to contain the
younger, actively assimilating cells, which are desirable
for algal high-rate growth systems. Several times each week
the flow to the biomass regulatory tank was stopped, the
supernatant was fed by gravity back to the lA-acre unit,
and the settled sludge was removed. Analysis of the sludge
material showed that it was about 50 to 60 percent mineral
and clay material and ^0 to 50 percent algae.

Sludge Accumulation in the lA-acre Pond . Although the
biomass regulation tank helped to reduce the total solids in
the lA-acre pond, much of the settleable material settled
within the pond and never reached the sedimentation tank.
It soon became apparent that sludge was rapidly accumulating
in the 1A -acre demonstration unit. The accumulation led to
a reduction in the amount of light reaching the algal cells,
and hence to a deterioration in the performance of the pond.
An attempt was made to reduce the total nonasslmllating
solids in the test unit by pumping out sludge from the areas
of greatest sludge accumulation. This proved to be only a
temporary solution. Because of the design of the pond system,
the problem of unwanted sludge accumulation proved to be a
difficult one to solve.

As mentioned earlier, iron normally was added as batch doses
to the individual test units. Because iron is an excellent
algal flocculent (and was probably responsible for much of
the settling in the test units), its addition to the l/4-acre
unit was stopped. Within several days the color of the pond
culture turned from a lush green to a very peaked "washed-out"
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color, the amount of algae in suspension decreased, and the
amount of chemical required for separation increased. These
reactions were not expected, inasmuch as sludge in the pond
contained letrge amounts of insoluble iron. Apparently, the
residual iron in the pond was in a form unusable by the algae,
This must have been the case because, when iron addition was
resumed, there was an immediate beneficial response in terms
of: (l) increased numbers of algae in suspension; (2) a
decrease in required chemical dosages for separation and,
consequently, a decrease in cost of separation; (3) a change
in color back to lush green; (^) an increase from Ao - 50
percent to 60 - 70 percent in the volatile solids content of
the pond effluent; and, most importantly (5) more nitrogen
assimilation.

When iron addition was resumed, the iron was added to the
biomass regulatory tank rather than directly to the growth
unit. Monitoring of the influent to and the effluent from
the biomass regulatory tank showed that although most of the
iron added to the tank remained in the tank and helped to
settle nonorganic solids, the amount, although small, of
soluble iron reaching the pond was sufficient to meet the
needs of the algae. The dissolved iron concentration in and
out of the biomass regulation unit leveled off at about

. 5 mg/l

.

A similar addition of iron to the biomass regulatory tank of
one of the 1,000-gallon test units showed similaj? results,
particularly in terms of increased algal suspension.

Algal Disposal

No experimental work was done in either Phase I or II on the
disposal or potential use of algae as a by-product of the
removal of nitrogen from tile drainage through the culture
of algae. However, a discussion of these aspects is contained
in the Phase I report. The discussion was based on informa-
tion gained from a search of the literature. Briefly, because
of their high protein content, algae appear to have a poten-
tial use in this country as (l) an animal food supplement,
(2) a soil conditioner, (3) a food for the rearing of
organisms in commercial aquaculture, (^) a raw material for
certain drugs. (5) a source of inorganic and organic
chemicals, (6) a raw material for adhesives, and (7) a food
for direct human consumption.

Work presently being carried out in underdeveloped countries
(71^ 72, 73) indicates that there is a potential for the
Immediate use of algae as a by-product of wastewater treatment.
In fact, in certain portions of Southeast Asia, both fresh
water and marine algae are presently being grown commercially
with artificial growth media for direct human consumption.
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Projections of algal production for the proposed algal-
nitrogen removal plant are shown in Table 15 . As indicated,
up to 83,000 tons of dried algae would be produced annually.
If sold as a protein source, the monetary returns could
amount to eight million dollars per year, an amount which
could be credited to the cost of treatment.

TABLE 15

ESTIMATED ALGAL PRODUCTION BY
AN ALGAL STRIPPING PLANT, 1975-2000



TABLE 16

AMINO ACID ANALYSIS
(microraoles/mg sajnple)





CHAPTER V

PROCESS EVALUATION

Summary of the
Phase II Investigation

The Phase II operational studies confirmed the year-round
technical feasibility of stripping nitrogen from tile
drainage using algae. Several major changes in operating
conditions were observed during prolonged unit operation.
These changes were significant enough to warrant a reevalu-
ation of the process in terms of design and cost estimates.

Probably one of the most important changes from Phase I in
basic operating criteria was the discovery that mixing was
not required for maximum nitrogen removal. An analysis of
mixed and nonmixed cultures, both with and without carbon
supplementation, showed that the only difference In total
nitrogen assimilation between cultures was that which was
due to the adding of carbon dioxide by way of the mixing
pumps. Results of a special study involving a culture that
was not mixed but which received supplemental carbon dioxide
via a gas diffuser confirmed that mixing was not required.
Furthermore, at the end of May 1970, when the influent
nitrogen concentration decreased to a level at which carbon
supplementation was not required, all the comparable mixed
and unmixed cultures assimilated approximately equal amounts
of nitrogen.

A further comparison of mixed cultures with cultures not
mixed indicated that mixing could have been detrimental to
the system in that it: (l) reduced the amount of light
available to the algae because of the turbidity imparted by
the re-suspension of nonphotosynthesizing material,
(2) decreased nutrient solubility through reactions accom-
panying aeration, and (3) probably Increased the recycling
of nitrogen into the system from the sludge. However,
because of the design of the growth units used in this study,
mixing was the only method of adequately removing solids
from the units.

The accumulation of large amounts of sludge under prolonged
unit operation was another major factor that was not evident
in the four- to six-week studies conducted during Phase I.
The units in Phase II were originally scheduled to operate
for one year but because of operational problems in July
1970, most of the units were drained, cleaned, and restarted;
thus there were two distinct runs, one of about six months
and one of about five months. Measurement of the sludge
accumulation in Phase II indicated that a substantial portion
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of the phosphorus, carbon, and iron became tied up in an
unassimilable form in the test units within a matter of
several months . This sludge buildup was thought to have
detrimental effects other than those previously mentioned.
As temperatures increased during the summer, algal decomposi-
tion was accelerated and there was a resulting increase in
release of ammonia from the sludge. Results obtained from
adding ammonia, the major nitrogen form released during
algal decomposition, to one culture, indicated that it was
preferentially assimilated with respect to nitrate-nitrogen.
It therefore seems likely that the algae could utilize
ammonia released via nitrogen regeneration in the test units
under periods of high temperatures.

During Phase II, the availability of light to the algae and
nitrogen loading was found to be the most important factor
affecting nitrogen assimilation. A comparison between the
effluent nitrogen concentrations from test units in which
the cultures had equal surface area but were maintained at
different depths showed that, although the effluent from
cultures operated at the 8-inch depth usually had a lower
nitrogen content than that from comparable ones held at a
l6-inch depth, when compared in terms of total nitrogen
assimilated, the deeper unit was often much more efficient.

Relating total nitrogen removal to nitrogen loading and to
operating depths at different light energy levels indicated
that these two factors combined to determine the performance
of a culture. Extrapolation of all the 1970 operating data
for unit depth indicates that, when total light per day is
at 600 langleys, the minimum pond depth should be 2H Inches;
at 300 langleys, it should be I6 inches; at light energy
levels less than 300 Ismgleys, the recommended depth is
12 inches. In addition to looking at unit efficiency in
terms of grams nitrogen removed per unit surface, some
consideration must be given to effluent concentration since
waste discharge requirements often specify allowable limits
of individual components. Using effluent nitrogen concentra-
tion as a criterion, the 8-inch ponds provided an effluent
which was most consistently close to the 2-mg/l limit
suggested in a I967 Federal Water Pollution Control Adminis-
tration report (9).

The total nitrogen that could be removed by the algal system
per unit of time was found to be directly proportional to
the influent nitrogen loading and total light available to
the algae. The amount of light available to photosynthe-
sizing algae was found to be reduced when the accumulation
of sludge reached a point at which its re-suspension imparted
an excessive turbidity to the culture medium.

110



The shading of the cultures by pond walls and the resulting
light available to the algal cultures were not considered
In the Phase I studies because all but two of the units were
operated at the same depth. The difference in available
light between ponds with l8-inch walls as compaj?ed to those
with 10-inch walls was considered significant. Some theo-
retical wall shading estimates based on sun angle were made
in Phase II. These estimates showed that up to 30 percent
of the available direct sunlight may have been blocked from
the units during the winter months. No attempt was made to
estimate the effect of walls on diffused (scattered) light,
but the figures do indicate that the small-unit data may be
conservative estimates of nitrogen removal rates in large
ponds where the effect of shading would be minimal.

Another in^tortant aspect of algal nitrogen assimilation noted
in the Phase II studies was that low operating temperatures
(10 to 15°C) were not necessarily growth limiting. A compar-
ison of the performance of a culture functioning at summer
temperatures (25 to 30°C) with that of a control culture
growing at the ambient ten^eratures prevailing during the
fall of 1970 showed that there was no difference in nitrogen
assimilation within the temperature range covered in the
compairison (15 to 30°C). The temperature effect noted in
the Phase I studies is now thought to be the result of
changes in total light energy reaching the cultures, rather
than of changes in temperature. Probably, temperatures
above 25*^C were somewhat detrimental to the net nitrogen
removal efficiency of the system because of their acceler-
ating effect on the decomposition of bottom sludges and
subsequent release of algae nutrients tied up in the sludge.

The changes in detention times made in the Phase II studies
were based on Phase I data. After prolonged operation, they
were found not to bracket the optimal detention times neces-
sary for maximum nitrogen removal during most of the year.
In the Phase II studies, cultures operated for a period of
two weeks at detention times of two days during raid -summer
assimilated 90 percent of the influent nitrogen, whereas in
the Phase I studies a minimum of five days was indicated.
During the winter period in Phase II, when light was minimal,
a 15-day detention time was found to be adequate for the
production of an effluent having a soluble nitrogen content
of ^ to 5 mg/l.

The nutrient studies during Phase II confirmed that some
supplemental carbon, phosphorus, and iron would be required
throughout the year. In fact, all the studies indicated
that maintenance of maximum nitrogen assimilation depended
on a completely balanced nutrient system.
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Early In the spring, when carbon was the limiting nutrient
In the cultures, as much as 10 mg/l nitrite-nitrogen was
found in the pond effluent. When a sufficiently large
supplement of caJ?bon was introduced into the cultures, an
immediate decrease in nitrite -nitrogen took place. The
decrease implies that although nitrate uptake or cellular
reduction to nitrite may not be affected by carbon deficiency,
the further reduction of nitrite to ammonia is strongly
dependent on an adequate supply of carbon.

The carbon-to-nitrogen ratio required in the growth medium
proved to be 5 to 1, a ratio which is in agreement with the
ratio of the two major nutrients in the algal cells. It was
found that when the ratio of carbon to nitrogen was lower
than 5 to 1, the addition of either carbon dioxide or
bicarbonate was a satisfactory method of restoring the
correct rates and achieving the required nitrogen removal
efficiencies. The addition of bicarbonate did appear to
cause the algal species* con^osition to change, but the
change did not appear to adversely affect nitrogen removal.
The total alkalinity of the influent was found to be a good
Indicator of carbon availability, although neither air-water
exchange nor insoluble carbonate resolution was considered.
In a practical operation, at times of high nitrogen concen-
tration when supplemental carbon is required, carbon dioxide
could be injected into the unit for two to three hours per
day or possibly bicarbonate could be mixed into the influent.

Both phosphorus and iron were found to be required at the
lAWTC throughout the year, although the exact amount of the
two elements available to the algae was not determined. The
phosphorus dosgige to the cultures was based on a phosphorus

-

nitrogen ratio of 1 to 10, which is about that of the algal
cell. Usually a small amount of phosphorus was present in
the effluent. About 90 percent of the incoming phosphate
was removed by passage through the cultures, by way of algal
assimilation and/or precipitation.

The addition of iron to cultures receiving carbon dioxide
had no significant effect on nitrogen; however, the addition
of the same amount of iron to cultures not enriched with CO2
caused a significant increase in nitrogen removal. The CO2
evidently enhanced the availability of iron to the algal
cultures. The method of adding iron (as FeCl^) left much to
be desired and needs more study.

A comparison of the cultures grown in contact with soil with
one grown in the absence of soil under compaj'able conditions
(that is, not mixed) indicated that the mechanism of nitrogen
removal was probably the same in both cultures . The results
obtained in several in situ studies with cylinders from
which light was excluded from some and admitted to others

112



indicated that an algal -bacterial symbiotic system probably
was involved in nitrogen removal. The extent to which each
of these groups of organisms contributed to the overall
system was found to vary with light availability. Tests
conducted in the spring and summer indicated that the system
was probably 90-percent photosynthetic, although the bacter-
ial portion probably was contributing to the overall process

.

In the fall, nitrogen removal was mainly bacterial, with the
bacteria probably using the degradable caj?bon released from
the decomposing algae that had accumulated during the
previous portion of the year. Another point of interest
noted in the symbiotic studies was the recycling of nitrogen
from the sludge-organic layers back into solution. This
nitrogen recycling was thought to occur in all the algal and
symbiotic test units in varying degrees, and probably had a
significant effect on overall efficiency of operation during
1970.

The 1970 studies on the harvesting of algae demonstrated
that 90 percent or more of the algae in suspension could be
removed throughout the entire year in a continuous operation
by the chemical -flocculent -sedimentation process. However,
the level of chemical addition required to accomplish this
removal was found to depend on a number of algal growth
factors. In all cases, the cost of the chemicals would be
negligible in relation to overall treatment costs.

During the 1970 studies, algae assimilated enough nitrogen
to maintain a year-round effluent nitrogen concentration of
about 2 to 5 nig/l . This does not include the nitrogen
content of the algae not removed in the separation process
(about 5 percent), which would probably add 1 to 2 mg/l
nitrogen, although it does include the nondegradable
dissolved organic portion. Projections using actual nitrogen
removal rates during Phase II indicate that it should be
possible to remove virtually 100 percent of the influent-
soluble nitrogen when some of the operational problems are
resolved.

Cost of Treatment

As stated in the Phase I report, this was a preliminary
investigation and was not designed to provide definitive
costs data. However, analysis of the data collected during
the Phase II operational investigation indicated that the
two primary factors affecting the efficiency of the algal
system are: (l) the light available to the algae, and (2)
the influent nitrogen loading. If these two factors are
known, the area required for treatment can be derived, thus
providing a basis for calculation of treatment costs.
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CHAPTER VI

PROPOSED ALTERNATIVE TO THE MIXED-REACTOR
SYSTEM STUDIED IN PHASES I AND II

Logically, the next step In the nitrogen removal studies
will be to construct a pilot plant operating on the combined
flow of several tile drainage systems. The selection of the
specific processes to be studied, either algal or bacterial,
will depend on several factors Including available time and
money. The purpose of this section Is to provide some
details on an alternative algal system to that proposed in
the Phase I report. Although there are no experimental data
to verify the reliability of the proposed "slug-flow" system,
some theoretical considerations indicate that preliminao'y
testing would be beneficial.

The Phase I design proposed to meet the operating criteria
determined in the early stages of the investigation basically
considered of a number of high-rate growth units clustered
around a central pumping plant. Four hours of mixing per day
in each unit could be accomplished by directing the unit's
flow to the central pumping plant via aji elaborate network,
of concrete pipes and automatic valves . In addition to the
pond structure, each unit was to have a 200 x 130 foot
sedimentation basin lined with concrete. The basin was to
be 10 feet deep at the Influent end and 15 feet deep at the
effluent end, and to be supplied with chain-driven scrapers
to remove the sludge. Basically, the proposed system was of
the same configuration as that of the test units Investigated
at the lAWTC.

The Phase II investigation indicated that algae cultured in
a "stirred reactor" for any length of time probably would be
under unfavorable growth conditions, which could limit the
ultimate nitrogen removal potential of the process.
Probably the greatest hindrance to the nitrogen removal
activity of the algae would be the curtailment of light pene-
tration by the accumulation of a nonphotosynthetic sludge on
the bottom of the pond. As shown in Figure 58, it is
predicted that light and nutrients would remain above limit-
ing conditions until near the effluent end of a "slug -flow"
system. Light and nutrient limiting conditions to the algal
culture were the case in the stirred reactor used in the
lAWTC studies. As McCarty et al (70) have observed, algae
grown in the nutrient-deficient conditions release organic
material into the medium. This material can affect algal
growth and aging. Conversely, the basic premise of a slug-
flow system is that all variables will be in excess until
near the effluent end of the unit, at which time one will
become limiting -- nitrogen, for example.
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SLUG -FLOW REACTOR

STIRRED REACTOR (lAWTC)

TIME

FIGURE 58 -THEORETICAL NUTRIENT
AND LIGHT AVAILABILITY TO ALGAE
IN TWO TYPES OF ALGAL REACTORS

Another limitation of the stirred reactor system used at the
lAWTC is that the algal population is in all stages of
growth rather than entirely in exponential growth (Figure 59)

.

Because auto-flocculation as well as inorganic precipitate
buildup is primarily a function of culture age, high pH
values, and nutrient deficiency (and these conditions were
all encountered), a considerable buildup of sludge took place
in the test units. It is postulated that in the proposed
system these factors could be largely controlled, except at
the effluent end of the growth channel. At that point,
provisions could be made for removing accumulating sludge.

AGE OF CULTURE- TIME

FIGURE 59 -THEORETICAL ALGAL GROWTH PHASES
IN TWO TYPES OF ALGAL REACTORS
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In Figure 60 Is a diagrammatic sketch of a proposed algal
nitrogen removal system which incorporates features that
should result in the correction of many of the apparent
inadequacies of the mixed system.

Basically, the influent tile drainage would enter a deep,
one- to two-day detention time regulatory pond. This unit
would provide: (l) buffering capacity, (2) a place for
settling of silt and detritus and thus enhance light penetra-
tion, (3) a uniform flow to the treatment units, and (^) a
means of isolating incoming flow when required. Algal
"reseeding" probably would also be done after iron is added
in this unit. Although the algal inoculum would consist
mainly of actively growing cells (from the tailworks of the
plant), some settling of older cells would also probably
occur, A similar unit(s) would be provided to store flow
during high nitrogen loading-low light periods of the year
for more efficient treatment at a later time. Phosphorus
could be injected into the overflow from the unit. The
amount added at this point would, of course, depend upon
influent nitrogen and alkalinity, and whether or not treat-
ment was to be induced in the drain itself (15).

At this point, it might also be necessary to provide low-head
pumping into the distribution canal. In any case, tile
drainage would basically move by gravity flow through the
treatment units at the required depth and detention time.
(Head gates to individual units could be used selectively.)
Although gates would probably be provided between each
channel to allow series flow and reseeding after cleaning,
the normal treatment pattern would be slug flow.

Data available at this time indicate that because deeper
growth units are more efficient than shallower units of equal
surface area, the use of deeper ponds would be the most
economical approach in terms of land and construction costs.
Possibly, depth could be graduated throughout the units, that
is, deeper at the upper end and shallower neetr the outlet
where algal concentration would be maximum.

It is further postulated that by treating the water in a slug-
flow manner, auto-flocculation (due to high pH levels) and
sludge buildup would also be minimal throughout most of the
units. Most of the precipitation would occur toward the end
of the channel, since amount of sedimentation is basically
a function of algal culture age. A small settling area
(approximately 100 x 100 x 8 feet) would be provided In each
unit. Supernatant from this area would then overflow into
a common tallwater csinil which would carry the treated water
to the separation area. The algal Inoculum for the plant
Influent could be recycled from this point or from the
separation unit itself.
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At either end of the treatment channels would be an access
roadway to the individual units to allow for maintenance.
As mentioned earlier, individual units could be taken "off-
line" and cleaned when required.

An interesting feature about this design is the common tail-
water collection system at the end of the treatment units.
There would be a common roadway for either railed or rubber-
wheeled vehicles to the "in-line" sedimentation areas and to
the tailwater ditch. (These units also would provide some
primary separation.) The roadway would have a common canal
in which settled material from these two areas could be
pumped for transport to the separation area. The primary
sludge product would undoubtedly have a much different
quality than that of the algal material remaining in suspen-
sion (tailwater canal). The settled material could be pumped
via a motorized unit on the road into the sludge canal on a
periodic basis, and/or when a unit was drained and taken out
of operation. Normal chemical or mechanical separation of
the algae-laden tailwater would then take place in the
separation area. It is postulated that this type of treat-
ment using projected operating criteria would be adequate to
meet the proposed discharge requirements.
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